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ABSTRACT 
Freshwater available for human consumption has declined in recent years due to many 
factors. Additionally, NASA has made it known that missions into deep space will require 
advances in water purification systems. Graphene oxide (GO) membranes have been 
demonstrated to be an effective purifier of water due to their unique architecture. Holey-
graphene oxide (hGO), developed at NASA Langley Research Center, is similar to GO but 
hosts a more porous structure. Lignin-based membranes were also analyzed. This thesis 
investigates the membrane performances of these three membrane architectures to purify 
water. The membranes were prepared in varying thicknesses via vacuum filtration. Experiments 
were done in two phases. Phase I used a forward osmosis setup to examine membranes’ ion 
rejection. Phase II used dead-end filtration and examined ion rejection, organic molecule 
rejection and water flux. GO showed a significant increase in ion rejection for NaCl, but showed 
decreased water flux. hGO showed a significant increase in ion rejection for MgCl2. Organic 
molecule was increased by 15.8% for hGO over the control. Poor overall performance for ion 
rejection for both membranes is attributable to an increase in the intersheet distance inside the 
membranes due to hydration.
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CHAPTER I 
INTRODUCTION 
During the last several decades, a global effort was pursued to increase the amount of 
food grown in order to meet the increasing demands of the masses. This concept became 
known as the Green Revolution and helped to fulfill the basic need of food for those who had 
little or none. As a result, it helped to stabilize civilization in parts of the world which otherwise 
would have seen this most basic of needs go unfulfilled. Even though the Green Revolution 
continues today, the problem of world hunger is now being usurped by an even bigger problem: 
world thirst. As the global population continues to increase, access to fresh drinking water is 
severely reduced. Additionally, because the demand for drinking water shares the same pool as 
water needed for growing food in many parts of the world, the effect is two-fold; not only are 
rising populations directly affecting the world’s freshwater supply, but irrigation puts additional 
strain on an already stressed resource. There is also mounting evidence that water used for 
irrigation might need to be purified itself sooner rather than later, as heavy metals are finding 
their ways into foods3. 
Even though increasing irrigation is putting increasing demand on the world’s freshwater 
supply, the problem of access to freshwater also comes from other sources. Changes in the 
climate of regions around Earth are causing changes to the water cycle, resulting in a 
redistribution of bodies of fresh water to a once balanced hydrosphere. One effect of this 
redistribution is an increase in the intensity of weather patterns due to water’s energy regulating 
properties on a planetary scale, causing dry seasons to become drier, summers to become 
hotter, and the natural recharge rates of bodies of reservoirs39 and aquifers31,41 to decrease. 
Agriculture is heavily affected as irrigation becomes less reliable due to the recharge rates of 
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underground freshwater supplies simply not being able to keep up with the rate of extraction42. 
Eventually, the water level can approach a breaking point where drinking wells no longer extract 
water because the water table has decreased to below the well’s collection point. Irrigation 
systems relying on these wells also cannot then supply enough water to keep crops growing. 
Another effect of the redistribution of water are changes in the amount of precipitation, causing 
damage to regional areas by decreasing or increasing in areas that have historically seen 
regular amounts. Direct results of these changes include droughts or flooding. Yet another effect 
caused by the redistribution of the hydrosphere is a decrease in the amount of snowfall as 
average global temperatures continue to increase, shifting the type of precipitation from snow to 
rain. This shift causes a decreased volume of snowpack to be available to melt come spring51. 
What snow does manage to accumulate will also melt earlier into the year as temperatures 
increase, causing an earlier peak surge of flooding and less water available into late spring. 
Mountainous ecosystems are particularly hard hit with these combinations of changes.  
Increased temperatures also damage conditions needed for growing crops. Increased in 
temperatures above normal make plants less able to grow effectively, resulting in losses to both 
harvest yield and food quality. To combat this, ideas of moving farming indoors to increase 
control over the process and potentially increase the ability to harvest certain crops have been 
proposed, but water is still needed and still threatened albeit at a lowered amount. The bottom 
line is that not only has another basic need for life become threatened, but overpopulation, 
changes to the global climate and even the Green Revolution itself threaten to grow a regional 
risk of freshwater scarcity into a global problem2. Indeed in the coming decades, it seems we 
will need a “Blue Revolution” to ensure the same response that the Green Revolution produced 
can be mirrored unto the world’s freshwater supply. 
Not only are our freshwater resources on Earth feeling pressure from overuse and 
undersupply, but that same pressure is felt in the pursuit of space exploration even more so. 
The nature of space flight today sees regular resupplies shipping off to support a mission, with 
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such resupplies consisting of consumables such as food and water. These supplies are 
necessary to continue the mission, but are expensive to ship because they currently need to be 
delivered from Earth’s surface to the spacecraft. Once the water is onboard, it chiefly gets 
consumed through ingestion by the astronauts as well as with hydrating food. Astronauts 
process and use this water differently due to a number of physiological responses to their 
microgravity environment, one of which is a redistribution of fluids upward in the body. The 
absence of gravity imparting a force vector vertically onto astronauts is the main culprit for this 
redistribution. Consequences of this shift include a higher retention of sodium in the body12 and 
a higher than average output of urine36. An increased concentration of calcium in urine is also a 
direct consequence of the lack of gravity due to bone loss and demineralization, which was 
observed across several missions47. Because of these reasons and the sheer amount needed 
to survive relative to food, water is a precious resource onboard spacecraft and any attempt to 
prolong its use is welcome. Indeed, much research has already gone into advancing the 
recycling and reusability of water as efficiently as possible. Closed loop life support systems, 
with water purification through the Water Processing Assembly (WPA)7 being an integral and 
important part, are essential in making today’s missions a successful endeavor. This importance 
is underlined in NASA’s 2015 Technology Roadmap35 for the next decade, which states that 
water purification, specifically the removal of monovalent and divalent ions along with organic 
molecules found in biological wastes such as urine through the Urine Processor Assembly 
(UPA)8, will need to be improved for future missions. Currently, the recovery of wastewater 
through the WPA is 75% efficient onboard the ISS, but the roadmap targets 85% as achievable 
and 90% and above as ideal. That 90% goal will enable future missions of exploring deep 
space, such as manning a crew to Mars, to become a reality by reducing or even eliminating the 
logistical tether of water transport that is holding us back. 
In order to help alleviate the strain put on the supply of freshwater on Earth, new 
materials, processes and technologies will be required. From a broad perspective, water 
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purification comes in many forms, including as a membrane filtration system or as an adsorber 
which is added to the unpurified water and uptakes the targeted species to be removed 
later6,27,49,53. Focusing on the membrane approach, seawater desalination plants have already 
been demonstrated to remove the salts and other agents from seawater to purify it into 
freshwater, but it is an energy-intensive process considering the amount of water processed by 
a typical reverse osmosis facility. Between two plant designs which account for over 80% of the 
world’s desalination capacity, including multistage flash (40%) and reverse osmosis (44%), the 
energy demands for these processes approach 16 kWh/m3 of treated water and 6 kWh/m3, 
respectively29. The high cost of energy in reverse osmosis comes from the high pressures, on 
the order of 50 to 80 bar (725 to 1180 psi), needed to achieve filtration. One step in attaining a 
broader acceptance of seawater desalination will be to reduce these energy costs. One idea for 
achieving lowered energy costs is in the form of using reverse osmosis technology found on 
submarines, but this approach requires an entirely new architecture10. Upgrading existing 
infrastructure, for instance with a new membrane that “fits the mold”, would have a more 
immediate, lower cost impact. This type of upgrade would additionally benefit the WPA system 
onboard the ISS, which also uses multiple membranes to purify water. 
 
1.1 - Problem Statement 
Seawater desalination plants are addressing today’s freshwater problems for use in 
human consumption as well as in enhancing agricultural production, but its energy intensive 
processes block widespread adoption. Likewise, the water purification systems onboard the ISS 
are not as efficient as are needed to be for future missions in space and will need to be 
upgraded to support longer duration space missions. A new type of membrane material in the 
form of graphene oxide could be the answer to both of these problems. 
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CHAPTER II 
LITERATURE REVIEW 
Focusing on the membrane approach for water purification, it has been determined that 
a suitable and effective nanofiltration membrane for use in rejecting ions, organic molecules and 
heavy metals from a water stream has been regularly achieved using graphene oxide (GO)44. 
Not only that, but the same approach can be used to synthesize other membranes using similar 
materials. However, there are many other ways to go about preparing these membranes. Here 
we investigate some of the methods in preparing GO and similar membranes and the ways in 
which they can be characterized. 
 
2.1 - Membranes Investigated 
2.1.1 - Graphene Oxide 
Graphene, being the novel material and hot topic of the day, has been theorized to be 
used in a variety of applications, including super strong materials and low-resistance 
conductors. It is characterized as a monolayer of carbon atoms where the π-bonds can 
effectively act like the “sea of electrons” characteristic of metals. But different forms of graphene 
are gaining traction in other applications. By using a modified form of the Hummer’s method on 
graphite flakes11,56, graphite can be converted into GO en masse. Like graphene, GO is 
characterized as that same monolayer of carbon atoms but instead with added functional 
groups across its surface, including oxide groups (-O-) hydroxyl groups (-OH) and 
carboxyl groups (-COOH) as can be seen in Figure 1 below. The original Hummer’s method19 
employs a chemical washing sequence starting with 100 g of graphite powder and adding 50 g 
of sodium nitrate (NaNO3) into concentrated sulfuric acid (H2SO4) at 70°C and cooled to 0°C. 
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Potassium permanganate (KMnO4) on the order of 300 g is then added to the mixture and 
stirred as water is incrementally added to reach a final volume of 32 L. This series of oxidative 
reactions results in a solution with 0.5 wt% solids including impurities which need to be 
removed. The resulting solution is then dehydrated with phosphorus pentoxide (P4O10), and a 
yield of 188 g of graphite oxide can be expected. Further exfoliation of graphite oxide in water 
by ultrasonication yields monolayer GO flakes.  
 
 
Figure 1 - Proposed structure of graphene oxide11. 
 
This process is widely used to make GO due to both the increased ratio of C:O over 
other processes and its relatively short batch time. However, a modern variation is usually 
implemented instead for better results, shown in Figure 2 below. Instead of introducing NaNO3 
into the mixture, H2SO4 is instead mixed with phosphoric acid (H3PO4) at a ratio of 9:1. Although 
twice as much KMnO4 and 5.2 times the amount of H2SO4 are required, toxic gas formation 
(NO2 and N2O4) is eliminated with the removal of NaNO3 from the equation. Not only is this 
modification on the widely used Hummer’s method of GO preparation eco-friendly, but also the 
yield is not affected with the additional benefit of fewer metal contaminants needing to be 
removed. The synthesized GO can then be made into a membrane using a number of different 
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techniques as will be expanded on in a later section. What has been shown in the literature is 
that upon formation into a membrane architecture, GO demonstrates unique water purification 
properties, including high ion rejection and water flux rates with less applied pressure than is 
normally used in industrial practices. Additionally, the chemical stability of GO is thought to be 
behind the reason for its high antimicrobial and antifouling properties.  
 
Figure 2 – Modified Hummer’s Method diagram14. 
 
During graphene oxide membrane fabrication, GO flakes suspended in solution are 
forced into stacked layers, achieved through a number of processes which will be expanded 
upon later. However, regardless of formation method used, the end effect is the same as gaps 
are formed between the GO flakes, forming a series of passageways which are very narrow. 
Most investigators have measured these passageways to be only a few tenths of nanometers in 
diameter on average, and the literature is in good agreement that this physical dimension is one 
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of the most important factors affecting the exclusion of particles and molecules from entering 
into and traversing the network through the membrane. In essence, water molecules are small 
enough to travel through the system, while larger particles, e.g. ions, heavy metals32 and 
organic molecules cannot1,21,22,34,37. Another mechanism that has been proposed across the 
literature is that, although size exclusion an important mechanism of GO’s filtration ability, other 
mechanisms act in concert with it to achieve the full effect observed. The surface charge is one 
such mechanism proposed: GO is naturally negatively charged across a wide range of pH 
values, with a zeta potential ranging from -20 to -40 mV15,16,18,32,45. Having a negatively charged 
surface means GO can interact with the species in solution quite heavily, electrostatically forcing 
back species with the same negative charge. Although positively charged species would still be 
able to get through this barrier, Donnan exclusion theory states that these species would still be 
able to cross the membrane without their negative counterpart in order to preserve electrostatic 
equilibrium across the system.  
Another filtration mechanism involves the natural functional groups which inhabit the 
surface of GO flakes. These groups are not only responsible for the aforementioned negative 
charge across the membrane surface, but they also protrude out from the membrane and into 
the environment, producing a steric presence on the passage of ions. Putting these 
mechanisms together results in a membrane which can effectively sieve a solution containing 
species on size scales of ions yet is also able to allow the slightly smaller water molecules 
through. Little coaxing need be applied in the form of pressure to force these water molecules 
through, and in some investigations it was shown that the water molecules essentially lined up 
in single file to traverse the narrow passageways through the membrane, resulting in an 
increased water flux than if they had not done so34. Thus, both a high water flux and ion 
rejection with little applied pressure has regularly been achieved using GO membranes, but it is 
not just one mechanism responsible for it. 
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GO membranes also demonstrate a high resilience to membrane fouling. By simply 
adding GO as an additive during synthesis, membranes were shown to increase their antifouling 
properties, reduce their washing frequency and increase their overall lifetimes. In one study, 
membranes made of polyvinylidene fluoride (PVDF) were doped with GO nanoplatelets up to 3 
wt% and used to purify a synthetic wastewater55. The lifetime of the membranes increased 
threefold to 80 days versus control membranes without the GO additive. Another paper used a 
similar approach with PVDF membranes doped with GO nanoplatelets but also added oxidized 
multi-wall carbon nanotubes (OMWCNTs) such that some membranes had neither, others had 
both, and still others had the OMWCNTs and the GO in varying concentrations52. When 
compared to control membranes without the additive, the pure water flux of membranes with 
ratios of 0:10 (GO/OMWCNTs), 10:0, 1:9, 9:1 and 5:5 was increased by 104%, 86%, 225%, 
207% and 252%, respectively, with a proposed mechanism of antifouling being that the species 
analyzed, Bovine serum albumin (BSA) in phosphate buffer solution (PBS), had its adherence to 
the membrane disrupted, preventing bio-cake formation. Additionally, they found that 
backwashing the membranes did not remove the carbon nanomaterials embedded in the 
membranes themselves, citing an unchanged water drop contact angle before and after 
washing. A twist on this same concept saw another paper doping GO membranes with TiO2 
nanoparticles instead48. Using its photocatalytic properties when exposed to ultraviolet light as 
the mechanism, the TiO2 doped GO membranes not only exhibited higher retention rates of the 
organic dye solution of Direct Red when exposed to ultraviolet light, but the amount of dye 
adhered to the membrane after the tests was markedly reduced. 
GO membranes also demonstrate a high antimicrobial response, enabling them to 
defeat microbial attachment and subsequent biofouling. In one study, doping a membrane made 
from polysulfone (PSF) with GO nanoplatelets reduced adherence of Pseudomonas aeruginosa 
to the membrane enough to increase the membrane lifetime from 10 hours to 50 hours26. 
Additionally, the biofilm produced by the organism upon attachment decreased in thickness as 
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increasing concentrations of GO was used to dope the membrane. In another paper and going 
back to TiO2 nanoparticles, not only can they disrupt organic molecule fouling on membranes, 
but it was found that they can disrupt microbial attachment as well. In addition to disruption, the 
photocatalytic effect of TiO2 has a lethal effect on microbes; by disrupting the cell membrane 
and inhibiting cell respiratory processes for a critical length of time, TiO2 nanoparticles forced a 
mortality rate of E. coli cells to exceed 90% after 30 minutes of exposure to ultraviolet light30. 
Because cell respiration is a ubiquitous process and the cell membrane essential for cell 
functionality, this mechanism would seemingly work on a multitude of other microbes inhabiting 
the water being purified. Taking that concept further, another study investigated the effect of 
silver nanoparticles on E. coli38. Using silver nanoparticles of different geometries and 
concentrations, they concluded that a cell mortality rate of 100% was achievable after 24 hours 
using just 10 micrograms of 40 nm silver nanoparticle of a truncated triangle geometry. Not only 
can silver nanoparticles be deposited onto membranes or added into the synthesis process, but 
this finding especially has implications for the process of synthesizing holey-graphene oxide 
(hGO). 
  
2.1.2 – Holey Graphene Oxide 
While GO holds many unique properties which seem to make it highly feasible for water 
purification, there have been no shortage of papers trying to modify it in some way to enhance 
its performance, for instance by decorating the membrane with TiO2 nanoparticles for antifouling 
properties as previously mentioned. One can also decorate the pores of GO membranes with 
specific functional groups to change the interaction with the species in solution9 or by 
introducing species into solution to physically increase the intersheet distance during membrane 
fabrication5. Along the same lines, other studies have opted for modifying the membrane itself 
rather than its surface. By decorating graphene flakes with catalytic nanoparticles and then 
subjecting them to an oxidative process, holes can be etched into the flakes at a controlled rate. 
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The resulting substance, dubbed holey-graphene (hG) by the authors, is a cornerstone of this 
paper’s investigation.  
Work into hG has been spearheaded by a group at NASA Langley Research Center 
starting with research into carbon nanotube decoration23. Carbon substrates, including 
expanded graphite, carbon nanofibers and multi-wall carbon nanotubes (MWCNTs) were 
decorated with a variety of nanoparticles, including gold, silver, cobalt, nickel and palladium 
using the corresponding metal salt precursors. The key strength of the process was that, unlike 
other processes, it uses no solvents or electric currents to achieve this oxidative etching. 
Instead, a dry mixing of the reagents is used and heated in a furnace hosting an inert 
atmosphere. By varying the loading percentage of the metal salt and the method of mixing, 
different uniformity across the substrate was obtained. Pretreatment of the substrate with an 
oxidative agent was also investigated, for instance MWCNTs treated with nitric acid prior to 
mixing with silver acetate, which increased the density of nanoparticle decoration. Taking the 
lessons learned from that study, the Lin (2009) group joined others in making nanosheets of hG. 
However, whereas other studies took advantage of defects already present in the graphene to 
create the holes24, added in a controlled oxidation process which utilizes the intrinsic defects in 
graphene as likely gathering sites for the nanoparticles to make contact and form the holes. In a 
three-step process, summarized in Figure 3, graphene is first treated with silver acetate 
(AgC2H3O2) and heated to 350°C to decompose AgC2H3O2 into silver nanoparticles embedded 
on the graphene’s surface. The next step saw controlled heating in an open air tube furnace of 
300°C for 3 hours in one variation to form holes at the sites of silver nanoparticle contact. By 
varying the temperature and duration, the holes could be made smaller or larger. Once the 
desired holes were formed, the final step was to simply remove the nanoparticles from the 
graphene. This removal was accomplished by washing with diluted nitric acid (HNO3), which 
dissolved with the Ag nanoparticles to form AgNO3 and was removed from the solid hG product.  
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Figure 3 – Holey graphene fabrication 3-step process (left) and the resulting product imaged under SEM (right)24.  
 
The results from the Lin (2013) work culminated in a process which used the same open-air 
heating procedure but eliminated the need to add a catalyst25. As is detailed in Figure 4 below, 
graphene transitioning into Stage-I hG undergoes gasification of defect carbon atoms already 
present in the material via heated oxidation. Once this transition was saturated, Stage-II hG 
started to form as the graphene’s stable carbon atoms began to oxidize away. Carbon atoms 
exposed at the edges of the Stage-I induced holes were preferentially removed due to lower 
stability. The resulting hG hosted through-the-thickness hole diameters between 5 and 10 nm. 
  
 
 
Figure 4 – Catalyst-free holey graphene fabrication used to make holey graphene oxide for the study25. 
 
The same process to make Stage –II hG was used to make hGO by first preparing the 
Stage-II hG and then treating it with a modified Hummer’s method to form the hGO. 
Subsequently, the same water purification properties exist with hGO as they do with GO save 
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for the difference with the introduced holes. It is thought that these holes could play a role in 
increasing the water flux of the membrane while still keeping the ion rejection performance 
intact.  
 
2.1.3 - Lignin 
Lignin is a very common molecule found in nature as it is in some ratio found in every 
plant. It is the second most abundant source of renewable carbon on Earth, with the first being 
cellulose, and represents approximately 25% of all non-fossil organic carbon on Earth. Together 
with cellulose, lignin forms a plant’s structure and is mainly responsible for the rigidity in plants, 
e.g. in stems of a flower or bark of a tree. But not all lignin is the same as it will have different 
properties depending on its source, as can be seen in Table 113.  
 
Table 1 – Lignin sources and their properties13. 
 
 
Different properties of lignin can also be exposed through the isolation method used in 
obtaining it (Fig. 5). Ongoing work at the University of North Dakota’s Chemical Engineering 
Department on biofuels has focused on Kraft lignin as it is being produced in the largest 
amounts. The largest source of lignin is from the pulp and paper industry and bioethanol/butanol 
production industry where it is produced as a byproduct and discarded. Being that it is treated 
as waste, Kraft lignin makes the perfect opportunity for research as it is produced in large 
amounts and for low prices, yet has an interesting, energy-dense structure.  
 
p-Coumaryl 
alcohol (wt %)
Coniferyl 
alcohol (wt %)
Synapil alcohol 
(wt %)
Grasses 5-33 33-80 20-54
Softwood Less than 5 Less than 95 Trace amounts
Hardwood 0-8 25-50 46-75
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Figure 5 – Lignin isolation methods and their reaction chains. Highly different products can be obtained by simply 
changing the isolation method13.  
 
Lignin is a heterogenous polymer without a defined primary structure and consists 
largely of aromatic alcohols, or monolignols. Plants synthesize lignin in the cytosol of their cells 
from these monolignols, including coniferyl, synapil and p-coumaryl alcohols. Lignin biopolymers 
contain a variety of ether and carbon-carbon inter-molecular linkages or bonds, such as β -O-4, 
5-O-4, β -5, β -1, β - β , and 5–5, shown in Figure 6 below13. 
 
Figure 6 – A common representation of lignin polymer13. 
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Figure 7 – A variety of uses and products come from lignin13. 
 
There are many uses for Kraft lignin as can be seen in Figure 713. It is also non-reactive 
similarly to graphene oxide, and while lignin’s unique structure is poorly understood, its spatial 
orientation could act in a similar way to graphene oxide upon vacuum filtration onto a support 
membrane, making it an interesting candidate for the same filtration mechanism. 
 
2.2 - Membrane Preparation 
2.2.1 - Support Membrane Fabrication 
To begin, membrane architecture will need to be elucidated a priori. Graphene has been 
advertised as having very high tensile strength for its corresponding molecular weight and 
density, and although GO is less robust, it also possesses this property in some capacity. 
However, because of the small thicknesses of these GO membranes, which have been reported 
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ranging from 20 nm28 200 microns32, it is necessary to support them in some way to ensure a 
long operational lifetime. Not only that, but a support membrane is often incorporated in the 
fabrication of the GO membrane itself in most of the literature. While this support membrane is 
achieved to great effect by utilizing a sturdier membrane for which to form the GO membrane 
on, one can go about it in two primary ways: (1) by purchasing a commercially available 
membrane16,22,28,37 for use as the base for the GO layer, or (2) by synthesizing the support 
membranes in-house, a summary of which is shown in Table 2 below. Using commercial 
membranes as a support appears to pose no direct hindrance on the membrane performance 
due to a much larger pore size in the support membrane on the scale of hundreds of 
nanometers, which will become important as discussed later. Synthesizing the support layer can 
be done in several ways. Casting the layer32,50 involves phase inversion to make a casting 
solution that is then spread out on a smooth surface and skimmed to a uniform thickness via a 
casting knife or doctor blade. Alternatively, a dry-jet wet spinning method15 can be used to 
synthesize the support membranes from polyamide-imide (PAI), or by using a SiN substrate46. 
Table 2 - A table highlighting which papers in the literature bought or made their support membranes along with a 
short description for those membranes. 
 
Paper Made/Bought Membrane Description
Grossman (2012) - Simluation of free standing graphene
Hu (2013) Bought Polysulfone (PSF)
Joshi (2014) Bought Copper foil
Liang (2016) Bought Polyacrylonitrile (PAN) 
Liu (2015) Made Mixed cellulose ester
Mukherjee (2016) Made Polysulfone (PSF)
Nair (2012) Bought Copper foil
O'Hern (2015) Bought Polycarbonate track etched
Sun (2014) Bought Smooth paper
Surwade (2015) Bought Silicon Nitride (SiN) substrate
Yin (2016) Made Polydopamine coated Polysulfone (PSF)
Support Membranes: Made or Bought
Poly(amide-imide)-polyethyleneimine 
(PAI-PEI) hollow fiber 
MadeGoh (2016)
Polyvinylidene fluoride, anodisc 
aluminum oxide, and cellulose ester
Han (2013) Bought
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2.2.2 - Experimental Membrane Fabrication 
Just as there are many ways to prepare support membranes, so too is it the case for 
preparing the GO membranes themselves. The majority of the reported work in the literature, 
nevertheless, appears to involve vacuum filtration5,16-18,21,22,28 for the preparation of GO 
membranes. A relatively simple process, vacuum filtration involves filtering a suspension, in this 
case the GO-bearing solution, through a membrane to deposit it on the surface of a support 
membrane, forcing the GO sheets to stack up on one another. Because of the nanoscopic 
nature of the graphene dispersed in these solutions and the charge implications that they host, 
proper mixing before deposition is essential to deter clumping and ensure a successful 
membrane fabrication.  Consequently, most investigators have used ultrasonication to achieve 
this mixing, though others have merely used bath sonication. Due to the sizes of a GO sheets, 
what appears as a thin film after the deposition process is complete is essentially a multi-
layering of individual GO sheets created through the forced stacking of GO sheets. These 
layers, when viewed as a cross-sectional image, very much resemble a capillary network. It is 
this network which is thought to give graphene oxide its inherently novel properties relative to 
filtration16-18,45 mainly due to the size of the passageways that make it up. Besides maintaining 
proper mixing of solutions, vacuum filtration is relatively simple to actuate and potentially facile 
to scale up. 
Other methods to synthesize GO membranes include casting as was performed by 
whereby their polysulfone solution weighted by wt% with GO was spread on a polyester fabric 
via doctor blade to dry into membranes32. Similar to casting is drop casting, which simply 
deposits drops of concentrated solutions onto a sheet of paper, leaving it to dry and leave 
behind a GO layer45. Dip coating involves dipping the support membrane into a solution of GO, 
which instantly coats the membrane in a thin film15. While this dip-coat method seems attractive, 
it relies heavily on electrostatic adherence, although Goh, et al., indicate it was not a problem 
with their custom made support membrane to ensure an opposite charge to GO’s naturally 
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negative charge. A spin-off of dip-coating is layer-by-layer assembly50, where the synthesized 
support membrane is placed into one solution and allowed to react, then washed and placed in 
a different solution and allowed to react. The process is then repeated, going back to the first 
solution. The net effect of layer-by-layer assembly is a selective build-up of material to make the 
membrane. One paper33 reported the use of spray-coating and spin-coating, while others37.46 
used chemical vapor deposition instead. 
Free standing GO membranes have been the subject of much enthusiasm as well, but 
their thinness usually means that they are not sufficiently structurally robust enough. 
Nonetheless, an investigation by25 showed that it is possible to make an effective, free standing 
membrane by first converting the GO into reduced graphene oxide (rGO) via reacting it with HI 
vapor and then letting the rGO membrane naturally separate from the support membrane when 
placed on water. 
It is worth noting that the same vacuum filtration technique, which is used in making GO 
membranes, can also be applied to hGO as well as lignin membrane fabrication. 
 
2.3 - Instrumental Characterization 
After preparing the membranes, there are several ways to evaluate their performance. 
Due to this study investigating the membrane’s use for filtering out small species such as salt 
ions, the most practical parameters to study are water flux and ion rejection rates. Contributing 
factors to these parameters, such as anti-fouling and antimicrobial properties, along with 
regeneration and lifetime of the membrane, are also important to investigate. In doing so, much 
of the reported studies seem to revolve around using a set variety of instruments and analytical 
techniques, including scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), atomic force microscopy (AFM), Raman spectroscopy, Fourier-transform infrared (FTIR) 
spectroscopy, X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), water 
contact angle goniometry, and less often, mass spectrometry (MS) and confocal fluorescence 
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microscopy (CFM). There are also a variety of filtration setups which allow one to investigate 
membranes, which is where we will start. 
  
2.3.1 - Dead-end Filtration 
One such setup is dead-end filtration. In this setup, the water to be purified starts at a 
source as the feed solution, and is forced through the membrane by a controlled quantity of 
pressure, and ends up in a collection container as the permeate solution. This process is 
summarized in Figure 8. The filtrated solution can then be analyzed from the container or 
transferred to be analyzed. Much of the literature report using this type of setup to investigate 
GO membranes due to its various advantages9,16,18,22,46. For example, the pressure exerted on 
the solution crossing the membrane can be controlled and varied easily, and inert gases can be 
used as the flow force. There is also no chance of back-contamination as the system flows one 
way. However, there are also some disadvantages. There are several parts associated with this 
system and the usually high pressures needed to be withstood call for strong, precise 
components. As such, they are relatively expensive to acquire and maintenance is high. 
Additionally, with a container collecting the filtrated solution, one must be cautious about the 
container filling up in an uncontrolled manner. While the flow rate can be estimated and a large 
collection container used to stem an overflowing finale, failure of the membrane or setup could 
lead to unexpected flow rates, reducing what would have taken several hours to fill the container 
to mere minutes. Conversely, evaporation rates need to be taken into account for open 
collection containers and pressure differentials for those which are closed. Perhaps the major 
issue with a dead-end filtration system is concentration polarization due to a build-up of rejected 
ions on one side of the membrane. This build-up can be mitigated by using stir bars to agitate 
the solution, but the overall effect of this concentration is still present. 
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Figure 8 - Dead-end Filtration Setup: (A) A compressed gas is used to force pressure onto a reservoir (B) of the feed 
solution. This feed solution is directed into a clamp housing the membrane (C) to filter the solution and produce a 
permeate solution which is then collected in a holding container (D) for measurement. 
 
2.3.2 - Cross-flow Filtration 
Another method of experimental setup for membrane investigation is cross-flow 
filtration15,20,32,50. Like dead-end filtration, cross-flow filtration is very similar in all aspects except 
one major difference. Instead of the direction of the flow of the feed solution travelling 
perpendicularly into and across the membrane as in dead-end filtration, the feed solution 
direction of flow is parallel with the membrane (Fig. 9). What feed solution that is not filtered is 
transferred back into the feed reservoir to then be filtered later on.  
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Figure 9 - Cross-flow Filtration Setup: Much like dead-end filtration, a compressed gas (A) can be used to impart a 
pressure on the reservoir tank of the feed solution, which is then directed to the membrane (B). As the feed solution 
flow direction is tangent to. 
  
This change in design offers some advantages, one of which is less filter clogging as the 
flow is directed along the membrane and not through it. While this approach also must use 
higher pressures to achieve the same amount of filtration which a dead-end filtration method 
would use, the issues of membrane fouling and concentration polarization are greatly 
minimized. Cross-flow filtration is seen being used by reverse-osmosis membranes in industry 
performing desalination, but the power required to push the solution through those membranes 
in a parallel flow is higher than that for dead-end filtration. However, sharing much of the basic 
design as dead-end filtration also sees the same high capital required to get started as well as 
the more rigorous maintenance required to keep it going.  
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2.3.3 – Forward Osmosis 
 Filtration which uses no applied pressure at all comes in the form of forward osmosis, 
the setup of which is shown in Figure 10. Unlike reverse osmosis, which is used mainly in the 
industry today to desalinate water at high pressures, forward osmosis uses a large difference in 
the concentration between two solutions to create an osmotic pressure gradient across the 
membrane which drives the feed solution to be filtered.  
Several papers use this method to perform in-situ water flux and ion rejection 
measurements21,28,33,45. There are some disadvantages to this approach though. Forward 
osmosis filtration setups have less control over the pressure applied due to how the pressure is 
generated; because the concentration gradient across the membrane is the driving force for the 
pressure applied during the experiment, it will decrease as the concentration gradient levels off. 
This proportional decrease between pressure and concentration gradient forces the water flux to 
a standstill as each side of the membrane reaches equilibrium via concentration, making 
accurate measurements of this crucial performance parameter difficult to observe. There is also 
no hard stop to the movement of either water molecules or the solute crossing the membrane 
back in reverse fashion. As a consequence, because conductivity measurements use the 
quantity of ions as the base for its readings, the gain or loss of ions in the permeate results in a 
less accurate reading being more likely. Additionally, much higher concentrations of the solute 
being filtered are required in order to create the osmotic pressure across the membrane than 
otherwise might exist in the intended application. However, while it is not representative of the 
widespread industrial practice of desalinating water as seen today, forward osmosis is still a 
great system to use for pilot research and is also easy to maintain. One of the big benefits this 
setup offers is that the same solute that is being investigated could also be used as the driving 
force for the induced pressure across the membrane, allowing the ion rejection and water flux 
measurements to be measured at the same time. This potential concurrent investigating makes 
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forward osmosis a simple, effective setup, making it an attractive method for use in start-up 
work or pilot-batch quantities.  
 
Figure 10 - Forward Osmosis Filtration Setup: A feed solution reservoir (A) of pure water and a draw solution 
reservoir (B) are separate by a membrane interface (C). Due to the draw solution being hypotonic, an osmotic 
pressure gradient is formed and draws water across the membrane. 
 
2.3.4 - Instrumentation 
There are a number of instruments and techniques which can be used in assessing the 
characteristics of these investigated membranes. The most widely used techniques involve 
using either SEM or TEM to image the membranes directly, with surface morphology and cross-
sectional thickness being the prime targets. These parameters were sought due to different 
techniques in the formation process of these membranes being used across multiple studies. In 
some of the reported studies, surface morphology played a key role in the investigation by 
supporting suggestions of the performance of multi-layered membranes22,50 or by scanning for 
defects in the membrane formation process37,46 and even by showing the transparency of the 
synthesized GO membrane under SEM16. SEM imaging is especially used to great effect in 
visualizing the capillaries created during membrane fabrication, as the many layers of GO were 
able to be imaged. 
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Atomic force microscopy (AFM) imaging was also produced to characterize the 
membranes’ surfaces. One study45 characterized how different sized GO sheets affected 
membrane filtration performance. One study used AFM to characterize a single GO flake from 
their bulk batch suspensions of varying concentrations32. The cross section of the membranes 
was key for all studies due to different formation processes used and a resulting method of 
varying the thickness of each study’s membrane created. AFM was also used in one instance to 
determine the height of deposited GO for an alternative method to measure the thickness of the 
membrane28. 
Other investigators used different ways to characterize these GO membranes by 
spectroscopy, and they often included Raman spectroscopy and Fourier-transformed infrared 
spectroscopy (FTIR). Utilizing Raman spectroscopy, investigators were able to differentiate 
between their support membranes on which the GO was formed and the GO layer itself15,50. 
This differentiation was especially important in the face of having made their support membrane 
themselves in place of purchasing a common substrate. Others utilized it as more of a quality 
control check along with SEM46, or in differentiating between GO and their reduced GO 
material28. FTIR was utilized primarily as a proof for studies having made their GO in-house, 
doing so by verifying the functional groups typically seen on the surface of GO (hydroxyl, 
carboxyl and oxide groups). In the case of also making their support membranes, FTIR was 
essential in verifying the differentiation between it and the GO15,50 and was especially useful in 
determining the change to the membrane surface upon purposeful steps of functionalizing it22, 
de-functionalizing it28 or by measuring the interaction with GO’s natural functional groups and 
the species set to be filtered or adsorbed32. 
Like SEM, another more or less universally adopted characterization method was by the 
water drop contact angle to the surface of the membrane. Doing so was simply proving the 
membrane was coated with GO since the purpose of this test is to measure the change of the 
angle a water drop makes with the surface it is sitting on. In the case of a support membrane vs. 
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GO deposited on the support membrane, the result was a decrease in the contact angle as the 
water wets the membrane more readily due to GO’s natural functional groups coordinating with 
water molecules and increasing the hydrophilic properties of the membrane. Other uses come 
about from this near certainty such as showing the loss of the oxide functional groups in 
transition from GO to rGO16,28 or for showing the change in hydrophilicity due to the addition of 
other functional groups such as in nanocomposite membranes15,50. 
Other less commonly used techniques included mass spectrometry (MS) and confocal 
fluorescence microscopy (CFM), both reported in two different studies. In one case, MS was 
used to qualitatively show that a graphene layer could act as a barrier to helium yet still allow 
water to cross unimpeded and at anomalous rates33. In doing so, while most other studies used 
conductivity as a measure of ion permeation and UV-Vis spectrometry as a measure of organic 
molecule permeation across the membrane, helium was measured with MS, and specifically 
helium MS and hydrogen MS, to characterize the permeation. The other study which used CFM 
did so in such a way to act as a quality check on their graphene membrane37. They first sealed 
the defects and grain boundaries in their chemical vapor deposition (CVD)-made graphene via 
atomic layer deposition of hafnia (HfO2), and then proceeded to apply a layer of nylon 6,6 
across the surface which would only bind to the support membrane made of polycarbonate 
(PCTE). The CFM made the tagged nylon visible and clearly showed a highly defect-free 
membrane for which to use in permeation tests.  
 
2.4 – Literature Analysis 
 After careful analysis of the literature, several trends and useful patterns were found 
which would aid this study, including specific instruments to use for characterization as well as 
developing a new protocol to effectively reproduce membrane fabrication. Additionally, several 
key contradictions appeared throughout the claims and reported results in the literature. These 
contradictions were based on the fundamental level, which required an investigation itself.  
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2.4.1 - Instruments 
There are some trends in the literature which one can use to infer about the 
characterization methods used. One of those trends concerns the instruments used to 
characterize these membranes. Some are a necessary component to the investigation of these 
membranes, such as SEM with its ubiquitous uses in obtaining membrane thickness via cross 
section images as well as surface morphology for verifying defects. Combining the other 
instruments in the SEM chamber such as EDS and XRD additionally leverages its usefulness. 
The naturally conductive carbon structure of graphene and its oxidized or reduced forms are 
also well suited to be imaged by SEM, enabling sputter coating the sample to make it more 
conductive to be avoided and the sample to remain unchanged. Other instruments were used to 
gather additional information in support of SEM imaging. An AFM using standard tips is almost 
treated as a specialized addition in this case, as it can be used to characterize individual GO 
sheets on a flat substrate while being incapable of characterizing the GO membrane effectively. 
However, using unique tips, an AFM can probe GO in further and different ways. However, 
these special tips are often even more fragile than the standard AFM tips simply because of the 
nature of AFM operation. 
As for other methods of characterization, FTIR and Raman spectroscopy are utilized 
effectively for confirming the existence of functional groups on GO and for verifying that the 
material which is being investigated is GO and not a different form (such as reduced-GO). 
These two confirmations are especially useful for some papers, specifically when making the 
GO in-house. Goniometry with water drop contact angle were seemingly treated as an 
additional characterization check in some instances as using it was mainly to verify what was 
also observed by either FTIR or Raman: that GO was produced. Several papers15,38,32 used this 
technique for perhaps value-added information or as a check to the FTIR or Raman data. 
However, some papers did use water contact angle as its own measurement, for instance 
verifying a membrane doped with GO with an increase in angle measurements22,50.  
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2.4.2 - Deposition Times 
From the literature, there arise some trends worthy of discussion. The use of many 
different processes to synthesize GO membranes makes the comparison of results across the 
literature more difficult. The same can be said of the support membranes and the interaction 
between GO and the support membranes. Because of these variations across the literature, 
questions arise: did one membrane perform advantageously over another due to its formation 
process, or was it due to its resulting surface charge, pore size, inter-sheet distance, 
functionalized groups, or whether or not it was in contact with water? Was it the formation 
process of the membrane which caused it to host worse performance over another, or was it the 
pressure which was applied to it? The concentration of solute? Perhaps a combination of any of 
these parameters? With different values inhabiting each of these factors across the literature, it 
is hard to say with certainty that the formation process is or is not a factor worth isolating itself. 
Most reported work seems to focus on using the vacuum filtration method to generate 
GO membranes. However, even this potential constant carries with it unlisted uncertainties. For 
each work reporting the use of vacuum filtration is another work not listing crucial information 
about the process used, including what pressure the vacuum pump was generating or the 
duration of the depositions. Due to the mechanism of how vacuum filtration creates these GO 
membranes, both pressure amount and duration are critical factors. Likewise, so too are how 
the filtration is initiated as well as how the GO solution is added. A simple example asks, “Does 
the solution sit on top of the membrane for a few seconds prior to the vacuum being engaged, 
or is it added as the vacuum is already generated?” Additionally, allowing the membranes to 
slowly deposit with lower pressure, as opposed to quickly depositing it, could produce different 
layering architecture. An interesting investigation could be done to probe such a situation with 
varying pressures, shedding some light on the membrane stacking process itself.  
Membrane wetting can also be a big sticking point during vacuum filtration, as air 
bubbles released from inside the filter can travel up and against the membrane when deposition 
 28 
 
is taking place. These small bubbles come in contact with the membrane and remain stationary 
if they cannot diffuse through, effectively forming a small void where no solution can be filtered 
through. What results is little to no material being deposited at that location, forming potential 
weak-spots, generating a membrane with defects on an otherwise uniformly coated membrane. 
Bubbles which block the deposition process also increase the overall deposition time, throwing 
into disarray what should be a constant and generating significant variations between GO 
membranes made using the same concentration of solution. However, an easy observation to 
confirm whether this phenomenon is occurring or not is by simply observing deposition times. 
Such observations were seen and recorded in our own experiments (Table 3). 
 
Table 3 - Membrane deposition times obtained. The results of pre- and post-protocol enactment for graphene-based 
membrane fabrication onto a support membrane via vacuum filtration. The gold lines highlight the deposition time 
stabilization enabled through the protocol for the same membrane. 
 
 
To achieve constant deposition times for each material concentration, a protocol to 
remove air bubbles was developed. This was accomplished through a series of washings, as is 
detailed in section 3.3.1. 
 
2.4.3 - Discrepancies in the Literature 
Assessment of the literature reveals that some discrepancies in results or claims were 
noticed. As with membrane preparation, there are many variables across the literature. This 
diversity leads to results which are not readily comparable. The effect of salt solution 
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concentrations differing across varying setups brings about less repeatable data. These papers 
state that the membranes being developed are done so in the hope of being used in the 
separation of ions in water, and most go on to say this means desalination. Seawater is 
composed of 1 wt% Na+, 0.13 wt% Mg2+2 and 0.039 wt% K+ on average, but analogous 
concentrations are not being used in solutions for testing. Concentrations being used in the 
literature range from of 0.05 wt%15 all the way up to double9 or even quadruple50 that found in 
seawater.  
The experiment durations in the literature are also widely scattered; tests are reported 
ranging from one to three hours, to 12 hours or 24 hours, and all the way up to several days or 
even weeks, yet some will still only report 20 minute test lengths37, or in the case of a simulation 
of molecular dynamics model, several nanoseconds9. With these varied testing parameters all 
trying to characterize the same material, it is no wonder why there exists variability across 
papers when it comes to the results of their experiments and their reasoning behind them. The 
summary of these studies’ experimental conditions can be seen in Table 4.  
 
Table 4 - The collective conditions of papers analyzed, including experiment duration, species investigated along with 
their concentrations, pressure used during the experiments, type of experiment setup utilized, and type of deposition 
method for making the graphene-based membranes. 
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In evaluating the performance of a membrane, most researchers will focus on a few 
reasons behind their results. While it appears that changes in characteristics such as pore size, 
surface charge, applied pressure and inter-sheet distance of the membranes investigated 
resulted in a change of ion rejection, water flux or both, there is some disagreement on which 
way the change is directed.  
 
2.4.3.1 - Pore Size. With regards to pore size, some papers state that there is a 
maximum pore size for membranes, after which point ions can cross freely. This cutoff radius for 
ion rejection ranges from 0.275 nm9 to 0.75 nm22,46 in the literature, with others reported 0.35 
nm5, and 0.45 nm21. Indeed, in the Grossman et al. investigation, nanopore decoration was 
simulated with either hydroxyl or hydrogen functional groups ringing the circumference of the 
pores thereby changing their radius cutoff. Interestingly, Surwade et al. inadvertently capped 
their pores’ circumferences with silicon, effectively stabilizing the pores and eliminating 
functional groups from providing a steric interaction in the vicinity, yet had a large pore size 
which hosted close to 100% ion rejection. With such a large maximum radius cutoff deviation 
seen in successful experiments, and looking at the hydrated radius of popular ions to filtrate in 
Table 5, support grows for pore size being one of many mechanisms working together during 
water purification in GO membranes. 
In addition to a maximum pore size, there is also an agreed upon minimum pore size to 
still permit water molecules through, although its value also changes in much a similar fashion. 
Table 5 - Hydrated radii of commonly filtered ionic species in the literature. The hydrated radius of a water molecule is 
also listed for comparison.  
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2.4.3.2 - Surface Charge. The surface charge effect on membrane performance is also 
not collectively agreed upon. While some papers say that the negative surface charge of GO is 
beneficial to ion rejection16,32,45 as it would electrostatically repel like-charged ions, others say 
that functional groups in fact reduce ion rejection rates9,15 by coordinating with and helping to 
facilitate oppositely charged ions’ passage across the membrane by lowering the energy 
required to do so. Others say it has no effect on ion rejection rates as it was shown that trivalent 
ions pass through just as quickly as monovalent ions21. Still others suggest the opposite, that 
molecules with a larger hydrated radius have a harder time traveling across the membrane due 
to increased interaction with the functional groups because of their increased size and charge50. 
An interesting point to bring to light is that Grossman et al., who saw the lowest limit of 0.275 nm 
for pore radius, also advocate that hydroxyl functional groups allow the passage of more ions. 
Another point is that Joshi et al. maintain that charge of the species does not affect ion rejection 
rate while also showing a steep cutoff radius for ion rejection at a pore size at 0.45 nm, which 
agrees well with the sizes of the species. With regards to water flux, the same camp which 
suggests that surface charge reduces ion rejection rates also suggested that it could increase 
water flux rates with the same mechanism with a sort of net neutral effect on the membrane’s 
overall performance in the end. However, some others16 suggest the physical protrusion of the 
oxide groups on the membrane surface not only hinder ions crossing the membrane, but water 
molecules as well. 
If one thing is well agreed on it is that the mechanism of filtration in GO membranes 
involving both surface charge and functionalized group protrusion remains unclear for now. 
However, a possible explanation could arise by applying Donnan exclusion theory, which states 
that the Donnan potential, or ion distribution, at the interaction space between the permeate 
solution and membrane tends to exclude co-ions from the membrane due to equilibrium wanting 
to maintain the constant electroneutrality of the solution on each side of the membrane. Put 
another way, if Cl- cannot cross the negatively charged membrane, then its counter-ion cannot 
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as well. A number of papers mention this theory, with one demonstrating a verification of the 
Donnan theory equation used to calculate the retention of salts with their experimental results16. 
Another15 uses the theory to show that while it does indeed have an effect, it is not the dominant 
one by far, with physical size of pores and species being the main concern. Others17,22 maintain 
that the Donnan potential was necessary to explain their results. However, upon the application 
of pressure, the system changes. 
 
2.4.3.3 - Applied Pressure. It has been remarked upon that the applied pressure to the 
setup plays a big role in the purification mechanism for GO membranes just as in other 
membranes, but again, the way in which that role is applied is the subject of much discussion. 
While most investigations used around 14.5 psi of applied pressure, there were some which 
used far less: around 2 psi37,46. Alternatively, some investigations used far greater pressures at 
around 300 psi21,50 and even a simulated 21,755 psi9. One study working with heavy metals 
claimed to have honed in on an optimal pressure of 60 psi for GO water purification32. 
While a range of pressures are used, the decision for which amount is based on kinetics. 
Some papers suggest that an increase in applied pressure decreases the ion rejection rate due 
to a physical forcing of the ions across the membrane, overcoming the repulsive force of GO’s 
surface charge9,32. Others suggest the opposite, stating that the rejection of salts increases with 
an increase in applied pressure16. Along the same lines, one study investigated how 
temperature could act much like applied pressure as a factor in purification, with an increase in 
temperature showing a decrease in ion rejection rates45. While it should be noted that an 
increase in pressure corresponds to an increase in transport along the direction of the pressure 
applied for most things, taken together with pore size, surface charge and finally inter-sheet 
distance, GO membranes may diverge from the norm. 
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2.4.3.4 - Inter-sheet Distance. The inter-sheet distance, or the spacing between the 
individual GO sheets in the membrane, is thought to hold a high degree of importance to the 
purification mechanism on par with pore size. There appears to be a clear distinction between 
inter-sheet distance and radius, where if the species is small enough to fit through the trans-
membrane capillaries, it will eventually do so. However, with hydrated radii of species being 
larger than their nominal radii, an increase in ion rejection might be thought of as taking place. 
But this hydration goes both ways, as has been reported with the inter-sheet distance in the GO 
membranes swelling from 0.9 to 1.3 nm when exposed to water21,45. However, others have 
reported differing inter-sheet distances during purification50 or a different amount of swelling 
which takes place28. Other papers used a reduced form of GO16,28. What was seen during the 
course of these investigations was that reduced GO showed smaller inter-sheet distances, 
which had a positive effect on membrane performance even when in contact with water. It is 
thought this decrease in swelling is achieved through the stripping away of GO’s inherent 
functional groups, which show a high affinity for coordinating with water molecules, during 
reduction. The resulting membrane would show a reduced ability to coordinate with water 
molecules, but at the same time also have a reduced inter-sheet distance. Just as with pore 
size, though, there is a suggested minimum inter-sheet distance of reduced GO from one paper 
at 0.7 nm33 to be mindful of so that water can still traverse through the membrane capillaries. 
That paper also suggested that water vapor could cross their membrane unimpeded while 
helium could not. This suggestion was put forth because their results were obtained while the 
membrane was not in physical contact with water, quelling the swelling. They suggest that this 
resulting reduced humidity relative to the membrane lead to smaller inter-sheet distances being 
maintained throughout the experiment, resulting in their anomalous water flux. 
This assertion goes against those papers who propose the theory of oxide groups 
coordinating with and assisting the water molecules across the membrane. Other papers were 
found to be in agreement to this humidity factor16. They also suggested that different methods of 
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reduction for GO could lead to different type, location and degree of remaining functional 
groups, thus adding another factor to study. 
  
2.4.3.5 - Water Flux Plateau. Another noticeable effect occurred between a few 
reported studies. With regard to water flux, some investigations had reported an initially high 
reading of water flux which started to decay until it plateaued at a sustained value. Most studies 
did not report any such phenomenon, and some offered verification that it was not taking place 
at all15. What is also more peculiar is that this plateauing effect was shown across completely 
different experimental setups. In one paper16, the decay-into-plateau flux was seen using rGO 
membranes rejecting salts in a dead-end filtration setup, yet in another32 the decay-into-plateau 
flux was observed using GO membranes rejecting heavy metals in a cross-flow filtration setup. 
They also showed that the effect persisted over the course of three tests when the same 
membrane was regenerated, as can be seen in Figure 11. 
 
Figure 11 - Mukherjee (2016) shows their water flux decreased from an initial high value to a sustained, lower value. 
The effect persists even between backwashing regeneration cycles of the same membrane. 
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2.5 - Research Question and Hypothesis 
Replicating the same process used in making GO membranes to make hGO and lignin 
membranes, how does each membrane architecture compare against one another in terms of 
ion rejection, water flux and organic molecule rejection across different salts, organic molecules 
and membrane thicknesses?  
We hypothesize that hGO will have increased water flux yet decreased ion rejection relative 
to GO membranes due to its porous structure. Lignin membranes will show noticeable albeit 
decreased ion rejection relative to the GO membranes.   
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CHAPTER III 
METHODOLOGY 
  This section explains in detail how the solutions, support membranes and synthesized 
membranes, including GO, hGO and lignin, were prepared. The experimental setups for both 
Phase I and Phase II are outlined, and the ways in which membrane performance was 
characterized are expanded on. 
 
3.1 - Solution Preparation 
         The solutions used to synthesize membranes depended on the material. GO was bought 
from a commercial source (Carbon Solutions, Inc.), the hGO was made in-house at NASA 
Langley Research Center and shipped to the University of North Dakota in Grand Forks, ND, 
and the lignin solutions came prepared from a colleague directly from the lab at UND Chemical 
Engineering. 
         For GO and hGO solution preparation, each material was weighed out and measured on 
a mass weigh balance before being diluted with DI water into specific concentrations by weight. 
These solutions were then agitated via ultrasonication at 30% amplitude for 10 minutes with a 
pulse rate of 3 seconds on/5 seconds off. The resulting solutions were stable for many weeks, 
but any transfer of solution to make less concentrated solutions were treated first with the same 
ultrasonication procedure beforehand to ensure proper mixing.  
With regards to the lignin solutions, all preparation was done by another student’s 
dissertation4. The Kraft lignin used to prepare membranes was biomodified via fungi, which 
helped to narrow the size distribution of lignin molecules and make it soluble in water, 
solubilized into solution and then either treated with or without an acid. First, a number of 
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different basidiomycete fungi were grown to full culture on petri dishes. Fungi were immobilized 
on a fungal agar medium where 3 g of kenaf (Hibiscus cannabinus), 3 g of lignin and 4.5 g of 
agar were mixed in 300 mL of distilled water. The lignin was used in the preparation of the 
media as a food source to activate the fungi for future lignin modification. This medium was 
sterilized for 30 min at 121°C and poured into Petri dishes. Once cooled, the plates were 
inoculated with ten 5×5 mm agar fragments containing fully grown cultures and incubated at 
room temperature in a dim light for 12 days to obtain full growth covering the entire agar plate. 
These fully grown agar cultures were further used as a source of immobilized fungi. 
 While these fungi were growing, the medium used for biomodification was prepared. 
Erlenmeyer flasks (200 mL) used for biomodification experiments contained 0.5 g of lignin and 
50 mL of distilled water, yielding a lignin concentration of 10.0 g/L. For samples containing 
DMSO, which both changes the conformal arrangement of lignin into a more accessible form for 
the fungi’s enzymes and increases some of those enzymes’ efficiencies, 0.5 g of lignin were first 
dissolved in 1.0 mL of DMSO, and then distilled water (49 mL) was added to obtain a 2 vol% 
concentration of DMSO in the lignin containing medium. No additional nutrients or minerals 
were added.  
 For biomodification experiments, inoculation of lignin-containing liquid media was done 
in Erlenmeyer flasks with ten 5×5 mm agar fragments, or one quarter of a Petri dish, from the 12 
day old, fully grown cultures. After the inoculation, the Erlenmeyer flasks were placed in an 
incubator at 29 °C with a shaking speed of 60 rpm. The samples for analysis were withdrawn 
every 24 hours for 6 days. Control samples contained ten 5×5 mm agar fragments without fungi. 
This process is illustrated in Figure 12 below.  
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Figure 12- Inoculation of lignin containing media via agar fragment implantation4. 
 
Upon completing the incubation period, the flasks were emptied into their respective collection 
container and were prepared to be centrifuged to remove most of the unreacted lignin and 
impurities from the solution. For some samples, 1 μL of 2 M HCl was then added after 
centrifugation was complete. Using these solutions, lignin-based membranes were made using 
the same procedure used to make GO and hGO membranes as described in the next section.  
 
3.2 - Membrane Preparation 
3.2.1 - Support Membrane 
Each support membrane was obtained commercially from EMD Milipore and consisted 
of one size of membrane (Milipore Isopore HTBP 13mm 0.4 micron) in Phase I experiments, 
and a larger size membrane (Milipore Isopore HTBP 47mm 0.4 micron) in Phase II experiments. 
This change saw the diameter increase from 13 mm in Phase I to 47 mm in Phase II, although 
the characteristics of the support membrane remained the same in both sizes. 
Just prior to depositing GO, hGO or lignin, the support membrane was placed on the 
glass filter with the same side facing up in each instance, and several drops of methanol were 
administered onto the membrane to essentially flood it and the face of the glass filter. The 
membrane was then taken and dragged across this methanol pool so as to remove any trapped 
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air bubbles which rose up from within the glass filter and became trapped underneath the 
membrane as the methanol was filtered through. Placing the membrane squarely on the center 
of the glass filter area and taking great care to ensure that no leaks would ensue, the glass 
reservoir funnel was then placed exactly lined up onto the glass filter face to again ensure that 
all sides of the membrane were being covered equally to avoid leaks. A clamp was then used to 
secure the reservoir funnel to the filter. The assembled and disassembled apparatus can be 
seen in Figure 13.  
 
 
Figure 13 - Detailing the unassembled (1) membrane fabrication apparatus. To assemble, the solution reservoir (A) is 
secured to the glass filter (B) with the clamp (C). When solution is placed into the reservoir, a vacuum (D) pulls the 
solution down to be deposited onto the support membrane. The assembled version (2) can be seen as well. 
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3.2.2 – Experimental Membrane Fabricaiton 
Once the support membrane was secure and ready for deposition to take place, the 
vacuum pump was engaged. A washing of DI water followed by a washing of methanol was 
used to pull any remaining air bubbles down and out of the membrane. Another several mL 
washing of DI water was used to sufficiently clean the area of any remaining methanol prior to 
deposition. As soon as the last washing was filtered through, 1 mL of solution was administered 
onto the membrane at which time a timer was started to record the deposition duration. Upon 
filtration of the prepared solutions, the vacuum pump achieved a maximum of -12 psi pressure 
differential across the membrane. These deposition conditions were replicated across all 
membrane syntheses, and methanol/DI water washing protocol expanded on further in the 
appropriate Discussion section. The membrane was considered fully deposited and complete 
when the water was drawn out of the membrane when the reflecting light from the solution 
bordering the edges of the reservoir funnel neck ceased to be observed. This cessation of 
reflected light confirmed that the membrane in contact with the glass filter area was completely 
dry, at which time the deposition time was recorded. Disengaging the vacuum pump and 
disassembling the vacuum filtration setup, the membrane was carefully removed and placed in 
a petri dish. The dish full of membranes was then placed into an oven at 60°C overnight for at 
least 12 hours to fully evaporate any residual water inside the membrane. 
Fabricating membranes using vacuum filtration worked well when transitioning from 
paper to the lab bench; Phase I membranes formed perfectly fine and required no further work 
before use in experiments. However, the Phase II membranes needed extra support before they 
were able to be used in experiments. First and foremost, because the membranes used in 
Phase II were larger, the deposition volume needed to be recalculated in order to maintain 
consistency between Phase I and Phase II. Whereas, in Phase I, a 13 mm diameter support 
membrane was used with an effective filtration area of 113 mm2, the Phase II, 47 mm 
membranes had an effective filtration area of 616 mm2. Therefore, using a 1 mL deposition 
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volume in Phase I processes necessitated using an increased deposition volume of 9.735 mL in 
Phase II. 
Other extra setup work for the Phase II membranes occurred when synthesizing the 
hGO membranes. Upon the deposition of 9.375 mL of the hGO solution onto the support 
membrane and the deposition process completed, tiny areas of membrane were laid bare where 
no material was deposited. The result were gaps as shown in Figure 14 where solution would 
pass through freely, rendering any results useless. As this had not occurred for any Phase I 
membrane or Phase II GO membranes, as well as time being short, a band-aid approach was 
adopted with the application of a second layer of the same concentration used over the top of 
the first. This resulted in a completely coated membrane, however the thickness was then 
increased as well. How this affected the results will be detailed later on in Chapter 5. 
 
Figure 14 – A before (left) and after (right) of hGO membranes made in Phase II. Note the uncovered areas, 
effectively holes, in the “before” membranes. These holes are plugged in the “after” membranes as evidenced by the 
numerous, dark spots and the absence of the holes. 
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3.3 - Experimental Setup          
3.3.1 - Phase I: Forward Osmosis 
The Phase I setup used a forward osmosis assembly (Side-Bi-Side glass diffusion cell, 
7mL chamber volume with custom ports, Permegear Inc.) to chiefly test each membrane’s ion 
rejection capability under otherwise controlled conditions. No applied pressure was used, with 
the natural diffusion of ionic species across the membrane being used instead. Magnetic stirring 
bars helped to ensure that the effect of concentration polarization from the build-up of ions on 
either side of the membrane was defeated. The assembly included a magnetic stir box which 
the diffusion cells rested on and were securely clamped into place while testing was ongoing. 
Conductivity probes (eDaq Miniprobe) were used to measure the conductivity of solutions in 
each cell since conductivity is a direct comparison of ion concentration. The probes were then 
connected to a laptop which ran a program (eDaq Pod-vu software) for in-situ data collection. In 
this way, both sides of the diffusion cell were recorded to accurately assess the movement of 
ions across the membrane. 
Before testing, both probes were first washed with deionized (DI) water, dried, and 
confirmed to be set to a signal gain of 20 mS as recommended for the conductivity ranges used 
during testing. They were then calibrated by being inserted into the saline solution which was to 
be investigated and allowed to come to thermal equilibrium with the solution over a period of 
several minutes (until the measured conductivity was stable). The conductivity was then 
captured by inputting the known value for the given solution into the appropriate software field 
and generating the probe’s K value, or cell constant, for that solution. Once calibration was 
complete, the probes were washed and dried to reduce ion contamination during the test. The 
same thorough cleaning was done for the diffusion cells: several rinses with tap water, followed 
by several rinses with DI water, and finishing up with a rinsing with methanol also helped reduce 
ion contamination before testing began. Additionally, each membrane was also treated with a 
few drops of methanol to fully wet the membrane before being clamped in place. The methanol 
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treatment sought to ensure air bubble formation in the pores of the membrane were either 
stopped or existing bubbles forced out before testing began. 
Just prior to testing, the membrane to be investigated was placed on the face of the right 
side diffusion cell graphene-side-up so that it was facing the left cell upon being clamped into 
place. The dried probes were inserted into one port in either cell with the same probes being 
used in the same cells for each experiment. Both of these images can be seen in Figure 15 
below. Next, the left cell was filled with 6.5 mL of a salt solution while the right cell was filled with 
7.0 mL of DI water. Upon solution administration, a capillary tube was screwed securely into 
place on the left cell’s second port to measure the change in volume of the solution as water 
was drawn across the membrane into the relatively hypertonic salt solution. Each probe was 
then secured to the diffusion cell port by wrapping a strip of Parafilm around it, which not only 
sealed them off from the outside atmosphere, but also enabled them to hover above the 
diffusion cell chamber floor to ensure good circulation of solution and more accurate readings. 
Each probe was also agitated slightly to remove any trapped air bubbles which would skew the 
readings. The measured conductivity of the DI water in the right cell was generally allowed to 
cross 0.020 mS/cm to confirm that air bubbles of any sort were not hindering the 
measurements. 
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Figure 15 - GO membrane adhered to the face of the right-side diffusion cell after undergoing methanol treatment 
(left) before being secured for experimentation (right) in the FO setup, which consists of left- (A) and right-side (B) 
diffusion cells, conductivity probes (C) a capillary tube (D) and the magnetic stir bar plate (E). 
 
3.3.2 - Phase II: Dead-end Filtration 
         As opposed to the forward osmosis setup used in Phase I, the Phase II setup instead 
used a dead-end filtration setup. The new setup used compressed nitrogen to drive hundreds of 
milliliters of a salt solution housed inside the pressure vessel (Millipore Permeation Cell P147) 
and across a membrane with 40 psi of pressure. The pressure vessel is made of steel with a 
stainless steel interior, with stainless steel connecting hoses leading to the membrane housing 
clamp, which itself is made of steel. This apparatus can be seen in Figure 16 below. Upon 
traversing across the membrane, the permeate solution would then flow across a conductivity 
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probe being held in place by a ¾” vinyl tubing (¼” inner diameter, ¼” walls) before being 
collected in a beaker. The application of pressure, as well as measuring both the solution 
conductivity and the water flux, highlight the differences between the two setups. Membranes 
with larger surface areas were also used in Phase II due to the fact that the enclosed membrane 
clamp was a larger size than what was used in Phase I. In addition to salt solutions, the organic 
molecule urea was used as an additional species to filter out and was chosen due to its 
physiological origin as well its small molecular size. 
Before testing, DI water was run through the system to remove errant ions. After several 
rinses, the pressure vessel was then drained by opening the drain valve. Then, closing the drain 
valve and ensuring the membrane line-in and line-out valves were open, the system was purged 
with nitrogen gas to clear out residual liquids. Just prior to testing, the membrane clamp was 
opened and a fresh membrane was placed inside with the material side facing the flow of 
incoming solution as was also done in Phase I. Closing the membrane clamp and securely 
fastening it together, all valves were checked to be closed tightly before 500 mL of water was 
carefully poured into the pressure vessel. Capping the vessel and checking all connections, the 
membrane clamp valve was opened to allow the chamber to flood prior to testing. Then, the 
conductivity probe was set to record, the nitrogen tanks were opened and 40 psi was slowly 
ramped up by the tank’s regulator to allow a steady buildup of pressure in the membrane 
chamber so as to not burst the membranes. Allowing the chamber to be flooded prior to the 
application of pressure additionally helped keep the membranes intact prior to testing as 
opposed to ramping up the pressure to 40 psi and then opening the membrane chamber valve 
for an instantaneous pressure build-up from 0 to 40 psi. Solutions used in testing in Phase I 
would then be forced across the membrane and into a collection container. After the experiment 
was completed, which was determined by either 10 minutes of testing or if 500 mL were 
filtrated, the permeate solution would then be emptied into a graduated cylinder to measure the 
volume, which would later be used to calculate the water flux.  
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Figure 16 - Dead-end filtration setup showing the collection vessel (A), permeation membrane clamp (B), solution 
reservoir (C), and compressed gas (D, nitrogen) used as the pressure source.  
 
3.4 - Characterization          
3.4.1 - Membrane Performance 
The performance of each membrane was measured in similar ways in both Phase I, 
which measured ion rejection only, and in Phase II, which measured ion and organic molecule 
rejection as well as water flux. 
  
           3.4.1.1 - Ion Rejection. Ion rejection via conductivity measurements was chosen as the 
parameter to characterize each membrane because conductivity is a direct measure of the 
amount of ions in a solution. Three salts were used during testing: KCl, NaCl and MgCl2, (Sigma 
Aldrich) all at 1 wt% concentrations prepared into DI water. These specific salts at these 
concentrations were chosen as a middle ground between seawater, which hosts salt 
concentrations of 1.076 wt% NaCl, 0.039 wt% KCl and 0.12 wt% MgCl243, and human urine, 
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which hosts salt concentrations of 0.27 wt% NaCl, 0.16 wt% KCl and 0.011 wt% MgCl240. Even 
though the concentrations used were generally much higher than would be seen to filtrate out in 
practice with regards to urine, the formation of brines during the purification process naturally 
leads to higher salinity than in the original solution. Using higher salinity values at the onset of 
relatively shorter duration experiments takes into account the brine formation effect which will 
show up further down the road in practice. 
         The calculation for ion rejection, or R, of each membrane is shown in Equation 1. A 
relatively straightforward equation, the concentration of the permeate solution, Cpermeate, was 
divided by the resulting concentration of the feed solution or Cfeed:  
 
Eq. 1                          𝑅 =  (1 −
𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝐶𝑓𝑒𝑒𝑑
)  ⋅  100%  
 
 
For Phase I membranes, the ion rejection values were determined for each hour of the test with 
duration length of four hours. Average ion rejection for each membrane was also computed from 
those values for an overall score. For Phase II membranes, ion rejection was calculated in a 
similar fashion except by measuring the conductivity using the total 10 minute test length 
instead. 
         Most RO plant designs use multiple membrane banks in a series of passes, where the 
effluent of one RO bank becomes the feed solution to another. Target ion rejection rates for RO 
seawater desalination plants can approach 99%, but membrane fouling over the lifetime of the 
membrane can see that rejection decrease by as much as 10% per year57. To keep the ion 
rejection high, maintenance of membranes is required to cleanse them (e.g. remove salt cakes 
built up on the membrane) before eventual membrane replacement altogether. Onboard the 
ISS7, the WPA Multifiltration Bed are designed to remove ions with a high rejection percentage 
over the course of the membrane’s lifetime. When the conductivity of the permeate stream 
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leaving the Multifiltration Bed reached 25 mS/cm (1 wt% NaCl solution hosts 17.6 mS/cm), the 
membrane was considered loaded and was replaced. These pieces of information will be used 
as maximum and minimum values during the investigation. 
   
3.4.1.2 - Water Flux. The water flux, or amount of water throughput, for each membrane 
was characterized only in the Phase II setup as the Phase I setup failed to produce any results. 
Over the course of the test duration of ten minutes, a 1 wt% salt solution was to fill the pressure 
vessel and be filtered across the membrane. Any effluent would be collected and its volume 
measured and recorded. Determining water flux could then be calculated by using Equation 2 
where the water flux, J, is equal to the volume, L, of permeate divided by the pore area through 
which it was filtrated through, m2, and the time duration in hours: 
 
Eq. 2                                 𝐽 =  
𝐿
𝑚2⋅ℎ𝑟
  
 
Because the commercial support membrane had a determined pore area which was 
covered with a GO coating of unknown pore area, the pore area was determined by the physical 
area of the membrane where filtration took place through. Typical water flux rates for RO 
desalination plants fall between 12 to 15 L m-2 hr-1 at pressures ranging from 5500 kPa to 8000 
kPa58. Onboard the ISS, the UPA needs to process 7.4 kg/day of urine, or 0.308 L/hr, which is 
equal to a 6 person crew load7. Likewise, the WPA is required to process 5.9 L/hr for a 6 person 
crew load and also includes the UPA amount8. 
 
 3.4.1.3 - Organic Molecule Rejection. In the discussion of purifying water relative to 
urine, the desalinating effect of the investigated membranes should disallow ions from the 
permeate solution. However, there are other species present in urine, such as many different 
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organic molecules, the most concentrated of which urea. A paper prepared under contract by 
NASA40 to both qualify and quantify the species present in human urine showed that urea 
existed in concentrations of 13.4 g/L. While this value can vary with diet, environment and even 
simply from person to person, it was chosen as the average value to be purified from water. 
Additionally, urea was chosen not only for its ubiquitous and common origin and human urine, 
but also for its molecular size. As can be seen in Figure 17, urea is a relatively small organic 
molecule, keeping in line with the other species’ sizes to some extent.   
 
Figure 17 - Representation of the urea organic molecule, courtesy of NIST public database. 
 
3.4.1.4 – Stability Test. Further characterization of the membranes was carried out with 
the addition of lifetime or stability tests. These re-tests were aimed at collecting membrane 
performance data after a period of time from the first test to observe if the membrane 
performance was consistent. Prior to these tests, the membranes were stored in Petri dishes on 
the lab bench in otherwise ambient conditions. The 0.1 mg/mL membranes for each salt series 
was re-tested using the same procedure as was previously used.  
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3.4.2 - Instruments Utilized 
Instruments used in characterization the GO and hGO material as well as the prepared 
membranes include SEM, EDS, light microscopy (LM), ultraviolet-visible spectroscopy (UV-Vis), 
and a mass weigh balance. 
Utilizing LM, the GO and hGO membranes were viewed before and after their respective 
experiments to quantify any noticeable change in the state of the membrane’s surface 
morphology. The same nanoflake and membrane samples were also imaged under SEM to see 
the morphological state of the membranes with an additional EDS measurement implemented to 
confirm the elemental composition of each membrane both before and after their experiments. 
An edge-on view was implemented to confirm the thickness of each membrane.  
Whereas conductivity probes were able to measure the ion rejection of the membranes, 
they were not able to measure the amount of urea in solution. However, using a UV-Vis 
spectrometer, the concentration of urea in the permeate solution can be measured through the 
intensity of the absorption of light at specific wavelengths. A calibration curve was generated 
which to later reference the sample absorption intensities with, which determined the 
concentration of urea in solution.  
A mass weigh balance was used in all weighing steps throughout the study. 
  
3.5 - Statistical Analysis 
3.5.1 - Statistical Treatment 
 The factors analyzed during the course of the experiments included both material, 
material amount and other parameters independent of the membranes themselves. 
With regards to the membranes, each membrane was either synthesized with GO, hGO or lignin 
so as to compare membrane performance between them. Varying, yet corresponding, 
thicknesses of those membranes were also analyzed, which was accomplished by vacuum 
filtering increasingly concentrated solutions, including 0.05 mg/mL, 0.1 mg/mL and 0.5 mg/mL, 
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of GO and hGO (designated GO 0.05, hGO 0.1, etc) onto their respective membranes. There 
was a constant 1 mL deposition volume administered in each case. With lignin, constant 
concentrations were used but with changing pH levels in each solution. Each of these samples 
was observed under an SEM at an edge-on view to empirically confirm their thicknesses. These 
membranes were all synthesized on the same support membranes in Phase I, with Phase II 
seeing an increase in diameter from 13 mm to 47 mm although the characteristics of the support 
membrane remained the same. The vacuum filtration deposition duration was also observed 
and recorded to obtain a constant time for each depositional thickness. 
Other factors which were used to probe these membranes are using three different salts 
(KCl, NaCl and MgCl2) with a constant test duration of four hours in Phase I. The same salts in 
addition to the organic molecule urea were used in Phase II experiments as well as constant, 
applied pressure. However, Phase II experiments were reduced to an experiment duration of 10 
minutes. Additionally three replications of all experiments were done for statistical analysis using 
Minitab software. 
          
3.5.2 - Q-Test and Student’s T-test 
 For both Phase I and Phase II, a Q-test was performed to remove outliers before 
analysis of the data occurs. The Q-test calculates the possibility that a value is an outlier in a set 
of data (set up from minimum to maximum) by dividing the “gap”, or the absolute difference 
between the potential outlier and the nearest neighbor, by the range, or the difference of the 
maximum value of the value set and the minimum value. The resulting ratio is then compared to 
a range of Q-test values at different confidence levels, summarized in Table 6 below. If the 
potential outlier is greater than the Q-test value, it can be rejected.  
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Table 6 – Q-test cutoff values for differing confidence levels. The 90% value for 3 samples was used to determine the 
cutoff for the examined outliers.  
 
 
Once the data analysis was finished, a two-tailed T-test was performed at the 95% 
confidence level to either accept or reject the null hypothesis. Minitab 16 was utilized in the 
implementation of the t-test which focused on the ion rejection and the water flux datasets.  
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CHAPTER IV 
RESULTS 
4.1 - Phase I Membrane Performance 
4.1.1 - Membrane Deposition Time  
The deposition times for Phase I membranes are summarized in Table 7 below. The 
times for each concentration set are stabilized relative to membranes without treatment as 
detailed in section 3.3.1. This datum will be elaborated on more in section 5.1.2.1. 
  
Table 7 – Deposition times for Phase I membranes. Notice the similar deposition time in each membrane thickness 
triplicate as well as across the different salt series for the same thickness.  
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4.1.2 - Ion Rejection 
 Ion rejection is measured as the ratio of conductivity in the permeate solution to 
conductivity in the feed solution as shown in Equation 1 in section 3.4.2.
 
Figure 18 - Membranes showing ion rejection performance against 1 wt% NaCl solution. The numbers after hGO and 
GO indicate concentration of solution used in membrane fabrication in mg/mL. 
 
As can be seen from Figure 18, the trend shows a narrow margin of ion rejection differences 
between the different membranes. However, some trends may be observed, including both GO 
and lignin membranes showing increased rejection over hGO membranes. The GO 0.5 
membranes shows the best rejection overall, but the lignin membranes show better rejection 
than the GO 0.1 membranes. An interesting anomaly is seen in that the hGO 0.1 membranes 
showed worse rejection than the hGO 0.05 membranes even though they were twice as 
concentrated. Looking at KCl rejection performance in Figure 19 shows a few similar trends 
within emerging new ones. GO membranes still show the best rejection, and the regression of 
GO thicknesses is in cohort with their regressing rejection performances. However, this time the 
lignin membranes fall between all GO thicknesses and above all hGO thicknesses, and the hGO 
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0.05 membranes show almost identical performance relative to hGO 0.1 membranes. These 
same results are seen in the MgCl2 rejection performance (Fig. 20) except that the hGO 0.05 
rejection is finally lower than the hGO 0.1 rejection and shows almost no effect on ion rejection 
relative to the control. 
 
 
Figure 19 - Membranes showing rejection performance against 1 wt% KCl solution. The numbers after hGO and GO 
indicate concentration of solution used in membrane fabrication in mg/mL. 
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Figure 20 - Membranes showing rejection performance against 1 wt% MgCl2 solution. The numbers after hGO and 
GO indicate concentration of solution used in membrane fabrication in mg/mL. 
 
4.2 - Phase II Membrane Performance 
4.2.1 - Membrane Deposition Time 
Like the Phase I table, Table 8 will be elaborated in section 5.1.3.1. 
Table 8 – Deposition times for Phase II membranes. Again, note the similar deposition time within membrane 
thicknesses and across each salt series. For the hGO membranes, the second time listed in each cell is the 
deposition time of the second layer.  
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4.2.2 - Ion Rejection 
 The average ion rejection reported for Phase II membranes is summarized in Figures 
21, 22 and 23 as shown below. The top graph shows the performance of the GO and hGO 
membranes relative to NaCl rejection. The middle and bottom graphs show the same relative to 
KCl and MgCl2 rejection, respectively. Initial observations show that KCl rejection had a tight 
distribution of values across the different thickness of membranes, more so than the other salt 
data series. Additionally, relative to Phase I datum, the overall rejection is lower for all salts and 
membranes. Finally, the GO and hGO ion rejections seemingly trade places for best or worst 
performer, however this and more, including an interesting phenomenon with the hGO 
membranes, will be discussed later. 
 
 
Figure 21 – Phase II NaCl ion rejection performance taken at experiment start, halfway through, and end of 
experiment. The abnormally high error bars can be attributed to outliers which were just below the cutoff to be 
rejected by the Q-test. 
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Figure 22 - Phase II KCl ion rejection performance taken at experiment start, halfway through, and end of experiment. 
The abnormally high error bars can be attributed to outliers which were just below the cutoff to be rejected by the Q-
test. 
 
 
Figure 23 - Phase II MgCl2 ion rejection performance taken at experiment start, halfway through, and end of 
experiment. The abnormally high error bars can be attributed to outliers which were just below the cutoff to be 
rejected by the Q-test. 
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4.2.3 - Water Flux 
 Unlike Phase I, which suffered setbacks to the point where water flux data were 
incapable of being collected, Phase II was able to measure water flux for both GO and hGO 
membranes which is displayed in Figure 24. Again, this section will be discussed in depth 
further down, but some quick observations show a few data points with significantly higher error 
bars than others. These much higher standard deviations arise from the fact that, although 
some water flux data were seemingly anomalous, it was just barely unable to be rejected after 
the application of a Q-test, a table of which can be seen in section 4.3.2 below. Additionally, 
hGO 0.05 and 0.5 membranes outperformed their GO counterparts, but hGO 0.1 fell short to 
GO 0.1 performance.  
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Figure 24 - Water flux dataset for Phase II GO (top) and hGO (bottom) membranes. The top, middle and bottom 
legend labels for each graphed item correlate to thicknesses of 0.05, 0.1 and 0.5 mg/mL, respectively, with 
increasingly darker color. For further clarity, the membrane thicknesses are offset around their correct thickness value 
to better differentiate the error bars. Error bars are again abnormally high due to a failure to reject near-outliers.  
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4.2.4 - Organic Molecule Rejection 
 Initial observations of the UV-Vis spectra for urea solutions are shown below. The first 
graph (Figure 25) shows the control sample, which was taken from DI water from the last 
washing of the dead-end filtration effluent, plotted along with the 100% urea solution, which 
simulates the concentration of urea found in the average human’s urine (the 100% sample was 
also prepared with water taken from the effluent of water ran through the dead-end filtration 
system similar to the control sample). In both the control and 100% sample, a small peak at 
~205 nm is seen, most probably due to what is inherently in the DI water or is picked up from 
the dead-end filtration system as it passes through it. Unlike the control sample, the 100% 
sample also shows a peak at ~220 nm, which is indicative of urea. Moving to the second graph 
(Figure 26), the GO membranes show a large absorbance effect at the urea absorption line. The 
third and final graph (Figure 27) showing hGO membranes also shows a urea absorbance effect 
but that which is half as intense as the GO peaks. All membranes used were of the 0.05 mg/mL 
variant.  
 
Figure 25 - UV-Vis spectra for the control “C” vs. 100% sample against urea. 
 62 
 
 
Figure 26 - UV-Vis spectra of the GO 0.05 mg/mL triplicate set against urea. 
 
 
Figure 27 – UV-Vis spectra for the hGO 0.05 mg/mL triplicate set against urea. 
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4.3 - Statistical Analysis 
4.3.1 - Phase I Q-Test and Student’s T-test 
 No sample values from the Phase I ion rejection dataset qualified for removal as outliers 
utilizing the Q-test as they did not score above the cutoff value utilized. Additionally, no 
significant results were obtained for the same ion rejection dataset as no value achieved the 
cutoff of p < 0.05 utilizing the t-test confidence level of 95%. 
 
4.3.2 - Phase II Q-Test and Student’s T-test 
 Several values from Phase II water flux and ion rejection data could be and were 
removed utilizing the Q-test. With regards to removing outliers, Figure 28 below shows the 
Phase II water flux values for each membrane of each set. 
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Figure 28 – Water flux Q-test graphs for GO NaCl (A), GO KCl (B) and GO MgCl2 (C) membranes shown alongside 
hGO NaCl (D), hGO KCl (E) and hGO MgCl2 (F) membranes. Salts The data points are grouped relative to the 
concentrations used to make the membranes. Potential outliers are clearly visible. 
 
As can be seen, many values deviate from the perceived norm. However, looking at 
Table 9, not all values can be rejected. Specifically, the NaCl series membranes have many 
values that, while they deviate strongly from the other two values in their triplicate set, fall just 
short of being rejected.  
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Table 9 – Phase II water flux values tested against Q-test cutoff value of 0.941. Not all membranes had potential 
outliers, and those listed appeared as if they did. Outliers which were above the cutoff and able to be removed are 
highlighted. Many values come close to but fall just short of being removed. 
 
 
After removing outliers, a two-tailed t-test was implemented at the 95% confidence level 
(Table 10). Out of the water flux dataset, only one value came close to being significant: the GO 
comparison to hGO for KCl 0.5. Looking back at the water flux data between those two 
membranes, the water flux value for GO 0.5 was 130.238 L m-2 hr-1, and the water flux value for 
hGO 0.5 was 28.091 L m-2 hr-1. While there does indeed appear to be quite the difference 
between them, it was not a statistically significant difference.  
 
 66 
 
Table 10 – Phase II water flux and ion rejection t-test values at the 95% confidence (p < 0.05). Significant values are 
highlighted. Values which fell close to being significant are boxed in red.  
.  
 
 Moving on to Phase II ion rejection, no outliers were present for the ending ion rejection 
values, which were used in the t-test. Since no outliers were found, performing the t-test 
resulted in Table 7 above. From the data, the NaCl GO/hGO comparison showed a significant 
result at the 0.05 mg/mL concentration. Comparing their ion rejection values at the end of the 
tests, that being 6.22% for GO and 3.16% for hGO, GO showed statistically significant ion 
rejection over hGO. Another value at 0.05 mg/mL for the MgCl2 GO/hGO comparison showed a 
statistically significant result for hGO, with it having a terminal ion rejection value of 8.67%, 
whereas the ending ion rejection value for GO was -0.729%. This negative value could be the 
result of rounding errors or perhaps due to a concentration effect making the ending MgCl2 
solution more salty than its starting conductivity of 16.6 mS/cm. There was also a value which 
was close to being significant: the KCl GO/hGO 0.05 mg/mL membranes. For this comparison, 
GO would have again edged out to being statistically significant over hGO ion rejection, with the 
former hosting a terminal rejection of 10.366% and the latter hosting a -0.207%, again perhaps 
due to a concentration effect over the initial 15.68 mS/cm solution conductivity.  
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 What is also significant or at least interesting is that these results and partial results are 
all in the thinnest membrane category, with one significant value going to GO and the other to 
hGO, each for different salts.  
 
4.3.3 - Membrane Stability Test 
 The results of the stability tests can be seen below, with Figure 29 showing ion rejection 
performance and Figure 30 showing water flux performance.  
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Figure 29 – Stability test results for GO and hGO membranes using NaCl (top) KCl (middle) and MgCl2 (bottom) salts. 
Ion rejection performance is shown as conductivity increase over the duration of the experiment with higher 
conductivities indicating higher ion amounts. Membranes (0.1 mg/mL) were re-tested ~3 months since their first 
experiment. For each graph, “1st” denotes the first test results, and “2nd” denote the re-test results. The short duration 
for the control tests is attributed to each test lasting 10 minutes or filtrating 50 mL of solution. 
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Figure 30 – Stability tests across salt series for both hGO and GO 0.1 mg/mL membranes. The top graph includes 
the control membrane results while the bottom graph has it removed to better see the other membranes’ results. 
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CHAPTER V 
ANALYSIS AND DISCUSSION 
5.1 - Experiment Results 
5.1.1 - Setup Decisions 
In Phase I, a laboratory-scale setup was chosen to start off the data collection for 
several reasons. The start of this investigation saw the use of a diffusion cell setup to replicate 
the O’Hern study using forward osmosis. Although many roadblocks were solved, including the 
air bubble anomalies, reliable results were not obtained. To continue the investigation into the 
phase of industrial applications, this Phase I needed to be accurately assessed first before the 
Phase II could begin. However, the reason for doing Phase I was not just to finish prior work. 
Characterizing the ion permeation rates across the membranes while not under pressure is a 
valuable comparison for when Phase II exposes these same rates while under pressure. 
In Phase II, larger membranes were used, but calculations were done to ensure the 
same amount of material was deposited in the same volume on each membrane, as was 
detailed in 3.2.2.  
 
5.1.2 - Phase I Membrane Performance  
5.1.2.1 - Deposition Time. Introducing the membrane wash protocol before any 
deposition took place ensured that there were no errant air bubbles still inside the membrane to 
disrupt the deposition process. As can be gleaned from Table 7, each concentration of solution 
had very similar deposition times not only within their triplicate set, but also across each salt 
series. Each deposition time additionally increased proportionately to the increase in solution
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concentration, which is to be expected as there would be an increase in stacking of GO or hGO 
flakes during membrane fabrication which would hinder water passage.  
Another interesting feature is that, while the deposition time effectively doubled when 
doubling the solution concentration from 0.05 mg/mL to 0.1 mg/mL, deposition time was not as 
proportional as when comparing the times of 0.05 mg/mL or 0.1 mg/mL to 0.5 mg/mL: they are 
not 10 times or 5 times, respectively, quicker. This trend occurs in both GO and hGO 
membranes. 
 
5.1.2.2 - Ion Rejection. A more detailed look at both GO and hGO membranes’ NaCl, 
KCl and MgCl2 ion rejection separated out own is shown below in Figures 31 - 33, respectively.   
 
Figure 31 - GO and hGO ion rejection curves for NaCl salt series.  
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Figure 32 - GO and hGO ion rejection curves for KCl salt series. 
 
Figure 33 - GO and hGO ion rejection curves for MgCl2 salt series. 
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Looking at NaCl ion rejection, the hGO membranes appear more clustered in their ion rejection 
amounts, indicating that there is little difference (~1%) between a concentration difference of a 
factor of 10 between the thinnest and thickest membrane. On the other hand, looking at the GO 
membrane ion rejection amounts, a 4% difference can be seen between the thickest and 
thinnest membranes, or a 4x increase over the same comparison with hGO membranes. 
 Comparing NaCl to the other salts used, GO membranes again show better performance 
versus hGO membranes. Due to the wider distribution of ion rejection across the concentrations 
of GO used relative to NaCl rejection, it appears that KCl rejection is more sensitive to GO 
concentration on the membrane, showing a difference of 7.5% between the thickest and 
thinnest membranes. On the other hand, GO ion rejection of MgCl2 shows a much tighter 
distribution (~2% difference) and overall higher rejection than the other salts used, suggesting it 
is less sensitive to GO concentration. The hGO membranes were observed to be much less 
sensitive to hGO loading, with hGO 0.05 and hGO 0.1 exhibiting almost identical rejection rate 
and hGO 0.5 in comparison to them showing a much higher rejection. 
Examining the ion rejection results from a different perspective, the rise in the 
conductivity of the feed solution over time shows virtually the same trends for NaCl, KCl and 
MgCl2 series membranes as can be seen below in Figures 34 – 36, respectively.  
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Figure 34 – Phase I GO (top) and hGO (bottom) conductivity values for the NaCl salt series. Note the steady increase 
of standard deviation as time goes on. 
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Figure 35 - Phase I GO (top) and hGO (bottom) conductivity values for the KCl salt series. Note the steady increase 
of standard deviation as time goes on. 
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Figure 36 - Phase I GO (top) and hGO (bottom) conductivity values for the MgCl2 salt series. Note the steady 
increase of standard deviation as time goes on. 
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Additionally, the lignin membranes showed similar trends as GO and hGO membranes, 
shown below in Figure 37. The Lignin 2 membrane tested against NaCl relative to its 
counterpart showed improved rejection, potentially owing to the fact that Lignin 2 was treated 
with a small amount of HCl acid. This treatment could force the lignin molecules into a different 
conformation prior to deposition, changing the overall membrane architecture itself. However, as 
investigating these different lignin membranes fell just outside of the scope of this study, it 
remains for future work.  
 
 
Figure 37 – Phase I lignin membrane conductivity values against all salt series.  
 
The most obvious trend to point out is that there was significant ion rejection for all 
membranes. Even though the controls showed the worst performance, and increasing amounts 
of GO and hGO loading helped to increase rejection, ion permeation was only slowed and not 
stopped by depositing GO, hGO and lignin. Possible reasons for replicating the literature’s 
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results could include inadequate mixing of solutions prior to deposition, which would produce 
clumping of the nanoflakes and potential formation gaps to form which would allow passage of 
larger species. Another cause could come from the vacuum pressure exerted on the solution 
during deposition; although the amount of vacuum used for deposition is not listed in the 
literature, it could certainly have an effect on how well the membranes are deposited. Most 
likely, the contributor leading to ion permeation is the water itself. As mentioned previously, 
much of the literature has speculated that the inter-sheet distance becomes hydrated and 
expands even though the radii of species also enlarges upon becoming hydrated. However, 
since two sheets create one passageway in the membrane, hydration of both sheets could 
widen the gap more than the ions, effectively making it easier for them to permeate. 
However, ion permeation or not, the data does appear to show an anomaly: all 
membranes appeared to have a harder time rejecting Na+ ions than K+ or Mg2+ ions. When 
looking at the hydrated radii of the investigated ions in Table 5, Na+ is the middle-sized ion 
whereas K+ is smaller and Mg2+ is larger. Given that GO’s most important filtration mechanism is 
believed to be size exclusion, both types of membranes showing the worst rejection rate for Na+ 
is puzzling. Additionally, any electrostatic effect which would hinder K+ should equally hinder 
Na+ since they have a similar charge. 
 
5.1.3 - Phase II Membrane Performance 
5.1.3.1 - Deposition Time. As seen in section 4.2.1, the deposition times for each 
membrane (Table 8) are very similar with regard to each salt series’ triplicate set. There are 
some exceptions, however. For instance when comparing the 0.05 mg/mL concentration 
solutions for GO across the salt series: the MgCl2 membranes required almost half the amount 
of time to fully deposit. Similarly, the GO 0.1 mg/mL NaCl series took ten minutes longer to 
completely deposit relative to the other salt series’ sets. The GO 0.5 mg/mL NaCl was also an 
hour longer than the corresponding salt series’ sets, doubling the deposition time relative to GO 
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0.5 mg/mL KCl and MgCl2 series. In contrast, not only does each salt series’ triplicate set show 
a much more uniform deposition time, but they are also equally similar across the same solution 
concentrations of the different salts, the only notable exception being the hGO 0.5 mg/mL for 
NaCl which was slightly faster at depositing.  
There is also the matter of the second deposition layer for the hGO membranes (the 
second time listed in the appropriate cell), which was detailed in section 3.2.2. For the MgCl2 
and KCl hGO series, the time was more or less the same for both each triplicate and for each 
concentration across salts. However, NaCl once again shows a shorter deposition time for the 
hGO 0.05 mg/mL membranes compared to the other salts as well as almost a doubling of the 
0.5 mg/mL time for two of three membranes of that triplicate set.  
Why the different times? As was detailed in section 3.1, each solution was treated with 
the same ultrasonication protocol prior to deposition, and as was mentioned in section 3.2.2, the 
deposition volume:membrane surface area ratio used during deposition remained constant even 
as the membrane size was scaled up between Phase I and Phase II. A suggested cause is that 
an increase in deposition volume from 1 mL to 9.375 mL affords the flakes to deposit in a less 
predictable fashion even while maintaining the deposition volume:membrane surface area ratio. 
Although a similar test was done in Phase I to see what the effects of such an increase would 
result in using 10 mL deposition volume (close to the 9.735 mL for the Phase II deposition 
volumes) of GO 0.005 mg/mL, that test was replicating a 1 mL deposition volume of GO 0.05 
mg/mL onto a 113 mm2 membrane surface area. Performing the same replication experiment in 
Phase II would be equivalent to a 97.35 mL deposition volume of either GO 0.005 mg/mL or GO 
0.05 mg/mL onto a membrane surface area of 616 mm2, which does not reproduce the outcome 
of Phase II. 
 
5.1.3.2 - Membrane Characterization. Phase II membranes were characterized using 
various techniques. The surface morphology was imaged by SEM, as was the thicknesses of 
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each membrane set. Light microscopy was used as a broad imaging tool, specifically looking at 
surface morphology. The elemental composition of the membranes from each concentration set 
for both GO and hGO was measured by EDS using the same SEM. This EDS technique was 
utilized both before and after an experiment to measure the salt loading on all of the 
membranes, and the surface morphology of each membrane was imaged before and after for 
one membrane from each membrane thickness (0.05, 0.1 and 0.5 mg/mL). For the imaging of 
these membranes, one membrane from the KCl series of each concentration was taken and 
examined both before and after exposure to experimental test conditions.  
 Regarding the surface morphology of each membrane, shown in Figure 38, a few 
discernable details can be seen outright. The GO membranes, ranging from 0.05, 0.1 and 0.5 
mg/mL (shown in Images A, C and E), can be seen to become more rough, characterized by an 
increase in apparent surface elevation and features, as the deposition concentration increases. 
The same trend can be seen from the 0.05, 0.1 and 0.5 mg/mL hGO membranes in images B, D 
and F, respectively. This roughness increase is thought to be due to a heavier build-up of 
material on the membrane becoming more pronounced as the solution concentration increases. 
However, it seems that the GO membranes build-up in a more “film-like” manner, showing an 
increasingly connected and pronounced network of lines or potential edges of GO flakes as the 
solution concentration increases. The hGO membranes show a more raised, bumpy surface 
which becomes increasingly decorated and filled with these bumps as the solution concentration 
increases. Comparing them further, the hGO membranes also appear more chaotic than the GO 
membranes, which more smoothly thicken as concentration increases.  
Additionally, that these are thin membranes as evidenced by the pronounced parallel 
lines running across the membrane, as can be clearly seen in Image B traveling from middle-
right to the lower-left corner of the picture. The same lines can be seen to a lesser extent in D 
as it travels from the top-left corner down to the lower-left corner as well as in C where it travels 
across the image. Note though they cannot be seen in the thickest membranes. These lines are 
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integral to the support membrane itself and are not an artifact of the deposition process. Actual 
thickness measurements will be elaborated on at the end of this section.    
 
 
Figure 38 –SEM images of GO (A, C, E) and hGO (B, D, F) membranes. Concentration used in deposition increases 
going down the set. Note the rougher surface of GO 0.5 (E) and hGO 0.5 (F) relative to their 0.05 variants (A, B).  
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Further surface morphology imagery was taken with a light microscope, shown in 
Figures 39 - 44.  
Starting off, Figure 39 shows a bare support membrane (Image 1A), with the observed 
dots being the 0.4 micron pores integral to it. Note the parallel lines travelling from top-left to 
bottom-right across the membrane. Again, these are native to the support membrane itself and 
are simply a byproduct of their manufacturing.  
Focusing on the GO membranes next, comparing Image 1A to 1B (on the same 
membrane) shows how a 0.05 mg/mL membrane coats the support membrane and does indeed 
mask its pores. Notice again the spider web-like build-up as the concentration increases down 
the line in Images 1B, 2B, 3B from Figures 39, 40 and 41, respectively. These images support 
the notion of an increase in deposited material. Examining Images 1B and 1C in Figure 39, a 
snapshot of the membrane pre- and post-test, there appears to be no overall change in the 
membrane architecture. However, upon closer examination, what was thought to be a mere 
discoloration on the membrane turned into something deeper. Seemingly, a potential hole 
appeared to have formed through the GO layer, exposing the underlying bare support 
membrane when compared to 1A. Additionally, the clear depth of field change is observed 
between 1D, when focusing on the potential hole itself, and 1E, when focusing on the potential 
hole’s right edge. Because a change in focus was required between the potential hole and the 
top of the GO layer, a height change on the membrane surface seems likely and the feature is 
most likely a hole. These holes were not seen anywhere in the membranes before being tested. 
Possible explanations as to how it formed include from the application of high intensity pressure 
during the test making short work of a defect or weak point in the GO layer.  
Another possible explanation could be due to the SEM environment and imaging the 
membrane prior to the testing procedure; the electron beam could have created a defect at a 
point-source on the membrane, or the overall charging of the imaged area was enough to 
reduce structural integrity of the membrane to its critical point of failure, making the hole 
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formation an unintentional byproducts of characterization. This could be investigated by 
calculating the ionization energies of the carbon lattice atoms that make up the graphene 
structure as well as the oxide-rich functional groups on its surface and comparing those values 
with the SEM input energy using 2.00 kV and 10 µA of probe current.  
Looking at the GO 0.1 mg/mL membrane images in Figure 40, 2B and 2C show a 
snapshot of the membrane before and after the experiment. Similar to the GO 0.05 mg/mL 
membrane, there appears to be no overall changes to the membrane structure. However, 
similar discolorations like the holes in the thinner membrane were again detected. As can be 
seen in image 2D, the GO membrane is still intact across the center of the discoloration, which 
suggests that either the applied pressure during the experiment either was not the cause, or that 
the membrane was thick enough to withstand the degradation during the test. It could also 
suggest that the membrane was thick enough to withstand the electron beam under SEM 
imaging prior to the testing, but there is no way of knowing until follow-up research is conducted. 
However, an additional surface feature was detected: image 2E shows a bunching of the 
membrane to the point that a crease was formed. This crease could as well be a point of failure 
for the membrane, but further scrutiny reveals that the center fold (the bright line) is still covered 
by a GO layer, however thin it may be.  
Rounding out the GO membrane series, Figure 41 showcases the surfaces of GO 0.5 
mg/mL membranes. No discernible surface features beyond the dense network of the potential 
edges of GO flakes could be detected, as 3A and 3B are 10x and 50x magnified images of the 
membrane pre-experiment, and 3C and 3D are the images of the same membrane in the same 
fashion post-test. Perhaps 0.5 mg/mL is thick enough to resist the cause for the other unique 
surface features shown so far. 
Shifting the focus to hGO membranes, Figure 42 shows hGO 0.05 mg/mL membranes 
before (4A and 4B) and after (4C and 4D) testing. Contrasting the surface morphology to that of 
the GO membranes, as could be seen from the SEM images, whereas the GO membranes 
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showed a more lateral, networked layering, the hGO membranes show a more granular layering 
effect, creating an almost pockmarked looking surface. Like the GO membranes, moving up the 
concentration gradient shows an increase in deposited material, but again they are less lateral 
and more granular in nature. Perhaps this appearance portrays a certain, hidden strength in the 
hGO layer as none of the surface features which were previously present in the same 
membrane thickness for GO were present in the hGO membrane. Additionally, the membrane 
remains largely unchanged between pre- and post-experiment images.The presence of a 
double layer of hGO could be the reason why in that instead of the hGO being deposited on a 
flat, non-reactive surface (i.e. the support membrane), the 2nd layer is deposited on a rough 
surface of like-material, creating more points of bonding opportunity for a more tightly-bound 
layer overall.  
Looking at the hGO 0.1 mg/mL membranes in Figure 43, the same story as the hGO 
0.05 membranes can be told overall, but some surface features appear as well. As can be seen 
in image 5A, dark areas appeared across the membrane. Additionally, these areas were present 
after membrane formation and pre-experimentation. However, these dark areas also appeared 
in both the hGO 0.05 and hGO 0.5 membranes, which along with the fact that they looked like a 
more concentrated area of what the hGO membrane looks like, suggests that these are no more 
than the holes being filled with the second layer of hGO.  
Finally, consider the hGO 0.5 mg/mL membrane Images 6A - 6D in Figure 44. As in the 
other hGO membranes, hGO 0.5 shows largely no change to its surface morphology or 
discoloration of any kind. It also hosts the most densely packed looking membrane, suggesting 
the most deposited material out of the hGO set.  
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Figure 39 – Surface morphology images via light microscopy of a bare membrane (1A), GO 0.05 mg/mL “before” (1B) 
and the same GO 0.05 mg/mL membrane “after” (1C) its experiment. A potential hole (1D) is formed after the 
experiment as exposed bare membrane can be seen. Additionally, there is a height difference (1E) seen through 
different magnifications needed to view the same window. Image 1A was taken with a 10x broad magnified lense 
whereas the 1B-E were taken with a 50x magnified lense at a scale bar of ~83 microns. 
 86 
 
 
Figure 40 - Surface morphology images via light microscopy of GO 0.1 mg/mL “before” at 10x magnification (2A) and 
50x (2B) with a scale bar of ~83 microns. GO 0.1 mg/mL “after” was magnified to 50x (2C and 2D) and 10x (2E). 
Another potential hole (2D) can be seen starting to for after the experiment, but no bare membrane is exposed. A 
crease-like surface feature was formed after the experiment (2E).   
 87 
 
 
Figure 41 - Surface morphology images via light microscopy of GO 0.5 mg/mL “before” at 10x magnification (3A) and 
at 50x (3B) with a scale bar of ~83 microns. GO 0.5 mg/mL “after” was magnified to 10x (3C) and 50x (3D). Notice 
the increase in surface “roughness” indicated by the denser network of lines. 
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Figure 42 - Surface morphology images via light microscopy of hGO 0.05 mg/mL “before” at 10x magnification (4A) 
and at 50x (4B) with a scale bar of ~83 microns. hGO 0.05 mg/mL “after” was magnified to 10x (4C) and 50x 
(4D).These membrane surfaces are more speckled or pock-marked with less networked lines being seen. 
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Figure 43 - Surface morphology images via light microscopy of hGO 0.1 mg/mL “before” at 10x magnification (5A) 
and at 50x (5B) with a scale bar of ~83 microns. hGO 0.1 mg/mL “after” was magnified to 10x (5C) and 50x (5D). 
Notice the increase in build-up of material as indicated by the increased speckle density. 
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Figure 44 - Surface morphology images via light microscopy of hGO 0.5 mg/mL “before” at 10x magnification (6A) 
and at 50x (6B) with a scale bar of ~83 microns. hGO 0.5 mg/mL “after” was magnified to 10x (6C) and 50x (6D). 
Notice the still increased build-up of material, indicated by the increased speckle density. 
 
The elemental composition of each membrane was taken before and after their 
respective tests, the results of which can be seen in Figures 45 - 50 below. This was 
accomplished by using EDS inside the SEM chamber and producing a spectra of the elements 
present on the sample. The figures show the images of before (A) and after (B) each membrane 
was experimented with as well as the corresponding EDS spectra for before (AA) and after 
(BB). GO 0.05, 0.1 and 0.5 mg/mL membranes are shown in Figures 45, 46 and 47, 
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respectively, and hGO 0.05, 0.1 and 0.5 mg/mL membranes are similarly shown in Figures 48, 
49 and 50.  
 
 
Figure 45 – GO 0.05 mg/mL membranes before (1A) and after (1B) experimentation. EDS spectrum 1A is shown as 
1AA, and the spectrum for 1B can be seen in 1BB. These membranes underwent the KCl solution filtration, and 
although the K+ and Cl- elements are scanned for, no peaks were found.  
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Figure 46 - GO 0.1 mg/mL membranes before (2A) and after (2B) experimentation. EDS spectrum 2A is shown as 
2AA, and the spectrum for 2B can be seen in 2BB. No K+ and Cl- peaks were found. 
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Figure 47 - GO 0.5 mg/mL membranes before (3A) and after (3B) experimentation. EDS spectrum 3A is shown as 
3AA, and the spectrum for 3B can be seen in 3BB. Even with the thicker membrane, K+ and Cl- peaks were still not 
found. 
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Figure 48 - hGO 0.05 mg/mL membranes before (4A) and after (4B) experimentation. EDS spectrum 4A is shown as 
4AA, and the spectrum for 4B can be seen in 4BB. No K+ and Cl- peaks were found. The hGO membranes exhibited 
higher intensities than GO membranes. 
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Figure 49 - hGO 0.1 mg/mL membranes before (5A) and after (5B) experimentation. EDS spectrum 5A is shown as 
5AA, and the spectrum for 5B can be seen in 5BB. No K+ and Cl- peaks were found. 
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Figure 50 - hGO 0.5 mg/mL membranes before (6A) and after (6B) experimentation. EDS spectrum 6A is shown as 
6AA, and the spectrum for 6B can be seen in 6BB. Like the other membranes, no K+ and Cl- peaks were found. 
 
Looking first at the EDS measurements, one can clearly see that there exist no other 
peaks besides the C and O peaks, suggesting that the membranes were pristine both before 
and after the experiment and that none of the KCl salt that passed through them was retained. 
Examining the C and O peaks themselves shows a roughly 2:1 ratio of C:O, which is typical of 
GO-based membranes. Interestingly, these peak intensities seem to change not only between 
membranes, but also on the same membrane. 
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In Image 1AA of Figure 45, a GO 0.05 mg/mL membrane was analyzed and found to 
have a peak intensity of 0.6 counts per second per electron volt (cps/eV) for C and 0.15 cps/eV 
for O. However, the same membrane saw a change in intensity post-experiment to 0.85 cps/eV 
for C and 0.3 cps/eV for O. While the increase in the intensity of the C peak was not as large 
relative to the O peak, the doubling of the O peak turned out to be the norm as it was seen 
throughout the other membranes’ C and O peaks increase. In some cases, such as GO 0.1 
mg/mL, the increase approached 6x (Figure 46, 2AA vs. 2BB). The cause of this increase is 
unknown as it occurs regardless of the magnification of the sample (a larger window would have 
more sample being analyzed and would have received an increased signal) and regardless of 
the concentration of the solution used to make the membrane.  
There also appears to be a difference in peak height increases between the GO and 
hGO sets themselves. Whereas the GO membranes showed pre-test peak intensities for C and 
O range from 0.2 - 0.5 cps/eV and 0.03 - 0.15 cps/eV, respectively, the hGO membranes 
showed pre-test peak intensities for C and O range from 1.1 - 1.25 cps/eV and 0.45 - 0.55 
cps/eV, respectively. Post-test spectra have a similar trend, with GO showing intensities ranging 
from 0.65 - 1.2 cps/eV for C and 0.25 - 0.4 for O, and hGO peaks ranging from  2.65 - 3.15 for C 
and 1.2 - 1.25 for O. These comparisons are more easily summarized in Table 11 below. 
Overall, the hGO membranes showed a more uniform peak intensity range than that of GO 
membranes as well as a stronger intensity for all values. A possible suggestion for the 
difference in peak heights could be due to the surface morphology itself. The GO membrane 
surface appears flatter and more uniform, but the hGO membrane surface hosts a greater 
surface area owing to the rougher surface morphology, and thus a higher intensity signal simply 
from more sample being analyzed. Whether the increased surface area equates to the relative 
intensity increase observed is up for future research to look at.  
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Table 11 – EDS intensities for each membrane before and after testing. Note the intensity increase post-testing. 
 
 
Another interesting point to note is the variance of the 0.1 mg/mL membrane between 
GO and hGO. In the former, it showed the weakest signal before testing, but had the strongest 
signal afterwards, yet the latter showed the highest signal strength before testing and was not 
the strongest post-testing. Again, taking the window-resizing into account, GO 0.1 used the 
smallest collection window out of all membranes, lending support to its weak signal. However, 
when looking at the window sizes for GO 0.05 and 0.5, the pre-test window sizes were the same 
yet GO 0.05 had almost a 2x signal strength increase over GO 0.5. Additionally, when looking at 
their post-test window sizes, GO 0.05 used a smaller window than GO 0.5 yet still had a 
stronger signal, diminishing support for a collection area window error and further emphasizing 
the need for additional research.  
Moving on to membrane thickness, this parameter was directly measured for each 
concentration of membrane for both GO and hGO, as shown in Figures 51 – 53; Figure 51 
shows GO 0.05 and 0.1 mg/mL, Figure 52 shows GO 0.5 and hGO 0.05 mg/mL, and Figure 53 
shows GO 0.1 and GO 0.5 mg/mL membranes. The format for these figures is such that each 
membrane’s target location (A) is marked with a red circle. This location is subsequently 
magnified (B) and measured (C).  
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Unsurprisingly, the membrane thickness increased proportional to an increase in 
solution concentration. Measuring the membrane thickness proved to be difficult in its own right; 
mounting the membrane vertically to the stage to obtain a thickness measurement was not 
adequate enough to see the layers due to a slight curling of the edge of the membrane away 
from view. Even though the SEM being used was able to tilt the sample stage to 70°, this curling 
could not be rectified. Creating a rigid brace around the membrane by taping it together to 
straighten this curling also failed due to a delaminating effect between the GO layer and the 
support membrane as the tape pulled the two away from each upon the cutting of a cross-
sectional piece. What finally worked the best was to introduce defects on the edge of the 
membrane, which was enabled by cutting them with a dull scissors. The non-clean-cutting 
action forced a buckling action into the deposited membrane perpendicular to the cutting 
motion. What resulted were multiple, intact layers of the deposited membrane being forced up at 
an easily observable angle.  
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Figure 51 - Membrane thicknesses as determined by SEM software measurement. Image set 1 is of GO 0.05 mg/mL 
and set 2 is of GO 0.1 mg/mL. For each set, Image A shows the target area on the edge of the membrane which was 
magnified. Image B is the magnified area pre-measurement and Image C is the magnified area measured. 
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Figure 52 - Membrane thicknesses as determined by SEM software measurement. Image set 3 is of GO 0.5 mg/mL 
and set 4 is of hGO 0.05 mg/mL. For each set, Image A shows the target area on the edge of the membrane which 
was magnified. Image B is the magnified area pre-measurement and Image C is the magnified area measured. 
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Looking at the GO membranes, 0.05 mg/mL equates to a membrane thickness of 0.244 
μm, which is just about half of the 0.464 μm thickness seen for the 0.1 mg/mL membrane. 
However, the linear trend ends there as the GO 0.5 membrane shows a thickness of 1.66 μm. 
Figure 53 - Membrane thicknesses as determined by SEM software measurement. Image set 5 is of hGO 0.1 mg/mL 
and set 6 is of hGO 0.5 mg/mL. For each set, Image A shows the target area on the edge of the membrane which 
was magnified. Image B is the magnified area pre-measurement and Image C is the magnified area measured. 
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The hGO membranes show even less of a linear trend, with the hGO 0.05 membranes being 
almost 3 times thinner than the hGO 0.1 membranes, which are themselves almost as thick as 
the hGO 0.5 membranes. Comparing the two sets together, the hGO 0.05 membrane shows 
close to double the thickness of its GO counterpart (2 layers vs. 1 layer), however, the hGO 0.1 
membrane is almost five times thicker than the GO 0.05 membrane and almost three times 
thicker than the hGO 0.05 membrane. Interestingly, the hGO 0.1 membranes are also almost as 
thick as the hGO 0.5 membranes, whereas the GO 0.1 membranes are close to four times 
thinner than the GO 0.5 membranes. The thicknesses measured are more clearly summarized 
in Table 12 shown below.  
 
Table 12 – Membrane thicknesses relative to their concentration and number of layers deposited. 
 
 
A suggested cause for this break in linear membrane thicknesses increase could be due 
to the deposition mechanism: not all GO flakes in solution are deposited, with some leaking 
through as waste. As the membrane builds up, a decreasing amount of GO flakes are lost to 
waste as they find it harder to travel through the system before stacking themselves, making the 
initial layering process a critical component for building up the membrane.  
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Looking at GO membranes, this variable stacking seen in 0.5 could perhaps be due to 
the solution being more concentrated than GO 0.05 and 0.1, causing aggregation to occur more 
easily and less flakes forming the membrane initially. However, this is an unlikely suggestion as 
all solutions were ultrasonicated with the same protocol and were clearly solubilized prior to 
deposition. Shifting the focus to the hGO membranes brings about a more plausible 
explanation. Relative to each other, the hGO membranes showed much more variable stacking 
than the GO membranes, and while their solutions are just as concentrated, only one layer is 
being deposited for GO membranes rather than two for hGO. This double layer could both 
explain the approximately double thickness of hGO 0.05 over GO 0.05 as well as explain similar 
thickness of hGO 0.1 and 0.5; the blank spots where deposition did not occur for the hGO 
membranes were more easily filled with the more concentrated solutions of 0.1 and 0.5 than 
0.05, ensuring that most of the material was deposited and not wasted. This explanation then 
does assume a very similar first layer thickness for hGO 0.1 and 0.5. Like the other suggestions, 
additional research is necessary to solve this puzzle.     
 
5.1.3.3 - Ion Rejection. The ion rejection graphs shown below offer many points of 
discussion. Firstly, the GO membranes (Figure 54) appear to reject NaCl better, KCl as good 
as, and MgCl2 worse than hGO membranes (Figure 55). Within that spread, which summarized 
in Table 13 below, GO 0.05 membranes rejected NaCl and MgCl2 worse than the other 
thicknesses, yet showed better rejection for KCl. GO 0.1 membranes interestingly showed 
better rejection for KCl and NaCl than GO 0.5, but worse than it for MgCl2. GO 0.5 showed the 
worst rejection for KCl but showed good performance for the other salts. Looking at hGO 
membranes, the 0.05 and 0.1 variants showed sub-par performance on average across all salts, 
but hGO 0.5 on average performed better than all the other membranes for salt rejection.  
 
 105 
 
 
Figure 54 – Phase II GO membrane conductivity increase data.  
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Figure 55 – Phase II hGO membrane conductivity increase data. 
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Table 13 – Ion rejection values for Phase II membranes at the end of the experiment.  
 
 
It is also interesting to note that for having at least double the thickness, the hGO 
membranes saw smaller ion rejection relative to their GO counterparts. However, all the MgCl2 
hGO membranes had higher ion rejection values than the GO membranes of corresponding 
thicknesses. There was an additional hGO 0.5 membrane in the KCl series which had better 
performance than the corresponding GO membrane. Thus, four of the nine tests comparing 
hGO to GO membranes saw hGO have better ion rejection.  
If one examines Table 14 with respect to salts, GO 0.1, GO 0.05 and hGO 0.5 are the 
best rejectors for NaCl, KCl and MgCl2, respectively. However, tallying up their rankings places 
hGO 0.5 as the best ion rejector overall, with GO 0.1 placing second with GO 0.5 in third. Even 
though these scores are based on the ion rejection results after ten minutes, and although the 
differences between each membrane rejection percentage is sometimes very miniscule (<1%), 
the table still makes the dataset easily comprehensible and offers some direction for how to 
proceed. 
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Table 14 – Phase II membranes ranked on their ion rejection values, with a higher value earning a lower number. 
 
 
 A different perspective can be gleaned from the raw conductivity data, shown in Figures 
54 and 55. As can be plainly seen, the membranes more or less failed to reject ions of any salt 
right away, just as in the Phase I experiments. However, the rate of conductivity increase, as it 
is no longer governed solely by diffusion as in Phase I, is much higher than in Phase I due to 
the applied pressure. Not only can the small differences in ending conductivity be seen relative 
to Table 14 but one can also see that the thicker the GO membrane was, the better it was able 
to stave off ion penetration. However, the KCl ions reverse this logic, with GO 0.05 having better 
ion rejection than GO 0.1, which had better ion rejection than GO 0.5. KCl was also harder to 
reject than NaCl ions, reversing the trend seen in the Phase I conductivity data. Shifting to hGO, 
however, the trend is again seen as NaCl becomes harder to reject than the other salts.  
The results between Phase I and II highlight the molecular dynamics associated with ion 
penetration through the membrane. Whereas GO membranes showed increase ion rejection 
over hGO membranes where diffusion was the primary action of transport in Phase I, as seen in 
Table 15  below, the performance of membranes in Phase II suggests that applied pressure is a 
definite factor in ion rejection. Specifically, hGO 0.5 membranes in Phase II performed 
significantly better compared to Phase I results. 
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Table 15 – Like Table 14, a lower number correlates to a better ion rejection performance. 
 
 
Additionally, the hGO conductivity graphs in Phase II show a greater variation in 
conductivity measured throughout the experiment. A rise-fall-rise pattern presents itself in the 
data across most membranes. Parsing the graphs apart with those showing this phenomenon 
and separating them based on salts, Figure 56 shows that there are decreases in the 
conductivity measurement in membranes of all concentrations and across all salts. This 
decrease was not attributable to a decrease of the permeate stream solution, which was 
constant throughout the fall and eventual rise of the conductivity curve. Strong candidates which 
illustrate this effect, dubbed the “bi-layer effect”, include KhGO8, MghGO3 and NahGO4_2x as 
well as most of the rest of the NahGO series.  
This bi-layer effect is thought to be a result of the double layer of hGO deposited onto 
the support membrane; the effect is not seen in any membrane in Phase I nor from GO 
membranes in Phase II where only one layer of material was deposited. Additionally, as can be 
seen in the hGO 0.05 membranes MghGO2 and MghGO3 from the MgCl2 bottom graph, even 
though the decrease amount and recovery time are slightly mismatched, the rate of decrease 
and the time in which it starts are remarkably similar. The same joint-decrease can be seen in 
NahGO2_2x and NahGO3_2x, both of which are hGO 0.05 membranes. Those examples being 
given, the other membranes (while do they show this same bi-layer effect) do not share in the 
joint-decrease pattern. For example, NahGO4_2x and NahGO7_2x, both being of the hGO 0.1 
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mg/mL concentration, have highly differing rates of decrease and start point of the decrease. 
The same can be seen in the hGO 0.5 mg/mL NahGO8 - NahGO10_2x membranes, where 8 
and 9 show close decrease rates and start points, yet 10 is much different both in amount and 
start point. The hGO 0.5 KCl membranes KhGO7 and KhGO8 emphasize this even further with 
the former decreasing in conductivity very early on in its test followed by an equally quick 
recovery, and the latter starting its decrease much later on in its test but showing a more 
pronounced drop. These discrepancies also confound the apparent notion that the effect shows 
up quicker in thinner membranes, lasts for a shorter amount of time, and then recovers quickly 
as well, with these parameters taking increasing amounts of time as the membrane thickness 
increases. The 0.05 hGO NaCl membranes show this, yet it is also seen the hGO 0.5 NaCl as 
well as the hGO 0.5 KCl membranes. Conversely, an immediate effect is seen in thicker 
membranes, e.g. NahGO10_2x and MghGO4. While the effect is poorly understood as of now, 
additional research could shed light on this interesting phenomenon.  
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Figure 56 – The bi-layer effect as seen across all membranes which host it.  
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5.1.3.4 - Water Flux. Referencing Table 16, which shows the water flux results across 
all membranes and salts in Phase II, Table 17 shows the ranking of the GO and hGO 
membrane according to their water flux, where a lower score indicates a higher water flux much 
like in the previous section. Unsurprisingly, the thinner membranes hosted high water flux 
overall, with GO 0.05 having highest water flux for MgCl2 and hGO 0.05 having highest water 
flux for NaCl. However, and surprisingly, GO 0.5 hosted the highest water flux for KCl, with hGO 
0.05 being second. Also what came to much of a surprise was that the hGO 0.1 mg/mL 
membrane was the worst performer on average, although GO 0.5 shows the lowest water flux 
for both NaCl and MgCl2. On the other end of the spectrum, the hGO 0.05 membranes hosted 
the highest water flux on average.  
 
Table 16 – Water flux values from Phase II membranes. 
 
 
Table 17 – Ranking system for water flux values, with again a lower number correlating to a better performance 
(higher water flux).  
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It is also interesting to note that for having at least double the thickness, the hGO 
membranes saw large water fluxes relative to their GO counterparts; all the NaCl hGO 
membranes had higher water flux values than the GO membranes of corresponding 
thicknesses. There was an additional hGO 0.05 membrane in the KCl series which had better 
performance than the corresponding GO membrane, and an hGO 0.5 membrane in the MgCl2 
series saw a similar advantage. Thus, five of the nine tests comparing hGO to GO membranes 
saw hGO have better performance.  
 
5.1.3.5 - Organic Molecule Rejection. As was seen in the UV-Vis spectra, the hGO and 
GO membranes both failed to reject the organic molecule urea. However, the hGO membranes 
show half as much of an absorbance feature relative to the GO membrane permeate, meaning 
the hGO membranes rejected a seemingly significant percentage of the solubilized urea. If, 
however, the GO urea solution was absorbing at a much higher intensity than that of the 100% 
sample, then a concentration effect could be occurring. This potential concentration effect could 
also be caused by a decrease in water in solution as well. Whatever the reason for this 
concentration increase in for the GO membranes, the absence of a concentration increase in 
the hGO permeate is cause for future investigation. 
 
5.1.3.6 – Stability Test. Membranes were re-tested for their ion rejection and water flux 
performance after having been shelved for approximately 3 months on average.  
First looking at ion rejection, Figure 29 shows that each graph depicting a 1st run and 2nd 
run data as conductivity rise in for the NaCl series of experiments shows that the 2nd test runs 
showed an increase in conductivity occurring faster than with the 1st test. Not only was the 
conductivity rise occurring faster, but the maximum conductivity recorded was also a higher 
value. This result was seen for both GO and hGO membranes re-tested. As for the KCl and 
MgCl2 stability tests, a different pattern was observed. Rather than the re-tested membranes 
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exhibiting a heightened conductivity measurement, the GO membranes from the 1st test showed 
higher conductivities and the hGO membranes showed similar conductivities between the 1st 
and 2nd test for both salt series. One possible reason for this change in pattern is that the KCl 
and MgCl2 re-rests were performed a shorter period of time from the original test (Figure 57); 
the membranes used for the KCl and MgCl2 re-tests were “”fresher” than the membranes used 
for the NaCl tests. The more fresh membranes could be less defective and perform similarly 
between their 1st and 2nd tests while the NaCl membranes could have formed some defects as 
they were approaching four months old. Perhaps there is a point between three and four months 
where the membranes lose some sort of critical integrity.  
    
 
Figure 57 – The time period between the 1st and 2nd tests that make up the stability test. The control tests saw the 
most time pass between its re-test while the MgCl2 re-test saw the shortest time interval.  
 
 Additionally, the hGO membranes exhibit the same bi-layer effect relative to conductivity 
in the permeate solution: the rise-fall-rise pattern can be seen in the same membranes between 
the first (Figure 56) and second tests (Figure 29). Furthermore, the bi-layer effect occurs at 
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more or less the same conductivity value in each salt series: 13 mS/cm for NaCl and 10 mS/cm 
for KCl. Interestingly, the effect was not seen in the hGO membrane during the 1st MgCl2 test 
but was observed in the 2nd test.  
 The water flux values for each re-tested membrane during the stability tests are again 
shown in Figure 30. Focusing first on the control membrane in the top graph, the 2nd test or re-
test of the controls showed an increase in water flux for all salts used albeit NaCl showed a 
markedly higher flux in both tests. This increase in flux makes sense when pressure is factored 
in; while both tests filtered ~50 mL of solution, the 1st tests used 6 psi of applied pressure 
whereas the 2nd tests used 10 psi. The same cannot be said for the GO and hGO membranes, 
which all used 40 psi (bottom graph). Looking at the GO membranes, the re-tested water flux 
values are higher than the original test except for the MgCl2 tests where it is lowered. The same 
can be seen for hGO membranes, where the 2nd test shows higher water flux performance 
across all salts except KCl, flux was similar between tests. Examining these results again with 
the temporal gaps in mind, as time goes on the membranes become more permeable to water. 
The case could even be that this effect could be seen only a few days between testing. 
Speculation aside, the membranes appear to perform poorly post-testing. As will be discussed 
in the next section, these observations could be seen as support for an increase in intersheet 
distance hampering GO and hGO membrane performance.  
 
5.2 - GO Filtration Mechanism Exposed 
 Based on the results from the literature as well as the experimental results obtained in 
this study, the role if intersheet distance is suggested to be the dominant factor in determining 
GO membrane effectiveness for water purification; correctly sizing the inter-sheet distance for 
physical size exclusion of the hydrated radius of species in solution, such as ions, is crucial for 
success. However, obtaining the right sized intersheet distance is only half the story. In addition 
to tuning the length of the intersheet distance, maintaining that distance is the other half of the 
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mechanism for GO membrane water purification as it will grow upon contact with water, swelling 
passed the point of effective rejection distance and rendering the membrane less effective.  
This effect was seen in much of the literature as well as in the course of this study. In the 
literature, it is suggested that the extra energy imparted into the system by applied pressure 
decreases ion rejection while increasing water flux. The role of surface charge and of functional 
groups on the membrane surface cannot be denied. A negative surface charge will repel the 
anion of salts dissolved in solution, and combined with Donnan exclusion theory, effectively hold 
back other species based on charge equilibrium. However, this effect can be overcome with 
additional input energy such as in the form of applied pressure. Eventually, the anion will find a 
GO intersheet passageway, widened through its hydration, and penetrate the membrane at 
which point a cation will be free to penetrate as well. Functional groups hold as much sway over 
anions even with their steric presence disturbing the system directly above the membrane. 
Kinetic energy will render their effect useless as well, all in time. In this study, Phase I 
experiments showed a simple situation of molecular dynamics where diffusion was the main 
driving force for ion penetration across the membrane. Upon contact with the solution, the 
membrane swelled and no ion rejection took place, instead ions passed through freely and over 
time a build-up of ions (a rise of conductivity) took place. Phase II experiments showed much 
the same effect only quicker, with the introduction of applied pressure to speed the process up. 
The stability tests performed showed an overall increase in water flux with similar or decreased 
ion rejection between tests on the same membrane, suggesting that perhaps the swelling effect 
of the intersheet distance inside the membranes stays intact between tests.  
The importance of the role of intersheet distance is also emphasized with the publication 
of a recent paper just this year34. In their study, Nair et al. showed that it is possible to 
selectively control a GO membrane’s intersheet distance by eliminating the hydration effect 
upon contact with solution. Their work involved immobilizing the graphene membrane between 
two layers of epoxy, with the membrane being as big as could be to effectively sieve solution 
 117 
 
without losing intersheet immobilization. Their conclusion was that, stating in terms of energy, 
the immobilization mechanism gives rise to additional energy barriers due to the ions’ 
requirement of removing, or stripping, water molecules from their hydrated radii to be able to 
physically fit inside the intersheet capillaries. As was mentioned above, the surface charge of 
the Go membranes, their functional groups and applied pressure in the filtration system all have 
some bearing on how effective the process will be by either adding or subtracting energy 
required to enter and navigate the intersheet network, but physical dimensions will still block 
species even as tiny as ions if it can be maintained and stabilized. 
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CHAPTER VI 
CONCLUSION 
NaCl GO/hGO comparison showed a significant result at the 0.05 mg/mL concentration. 
Comparing their ion rejection values at the end of the tests, that being 6.22% for GO and 3.16% 
for hGO, GO showed statistically significant ion rejection over hGO.  
MgCl2 GO/hGO comparison showed a significant result for hGO 0.05 mg/mL, with it 
having a terminal ion rejection value of 8.67% whereas the ending ion rejection value for GO 
was -0.729%. 
All the NaCl hGO membranes had higher water flux values than the GO membranes of 
corresponding thicknesses. There was an additional hGO 0.05 membrane in the KCl series 
which had better performance than the corresponding GO membrane, and an hGO 0.5 
membrane in the MgCl2 series saw a similar advantage. Thus, five of the nine tests comparing 
hGO to GO membranes saw hGO hold better performance.  
hGO had close to majority better ion rejection than GO membranes, even though it was 
at least twice as thick. However, all the MgCl2 hGO membranes had higher water flux values 
than the GO membranes of corresponding thicknesses. There was an additional hGO 0.5 
membrane in the KCl series which had better performance than the corresponding GO 
membrane. Thus, four of the nine tests comparing hGO to GO membranes saw hGO have 
better ion rejection.  
The stability tests run showed an overall increase in water flux during the re-testing of 
each membrane as well as either a similar or decreased ion rejection profile. These results 
could be due to a permanent increase in the intersheet distance via hydration between tests. 
Whether or not the degradation of performance occurs immediately or after some time is
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unknown, as the last membrane was re-tested after 76 days, with the longest time passing 
between re-tests being 115 days.  
Figure 58 indicates the overall performance of each membrane in their salt series. With 
ion rejection being plotted on the x-axis and water flux on the y-axis, a desirable membrane 
would end up in the upper-right corner of the graph having both high ion rejection rates and 
water flux across the membrane. Additionally, Table 18 shows the organic molecule rejection for 
GO 0.05 and hGO 0.05 membranes. hGO showed a much higher rejection rate than GO 
membranes, though the average still only ended up at ~16% rejection. 
 
Table 18 - Urea absorbance and subsequent rejection relative to a control and maximum solution. 
 
 
Membrane Urea Absorbance Intensity Average Intensity Urea Rejection (%)
Control 0 0 100
100% 0.19 0.19 0
UGO1 0.4
UGO2 0.25
UGO3 0.315
UhGO1 0.19
UhGO2 0.13
UhGO3 0.16
0.321666667
0.16
-69.29824561
15.78947368
Membrane Terminal Urea Rejection Comparison
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Figure 58 – Overall Phase II membrane performance. 
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Relative to membrane performances from the literature and one from industry (UTC-60), 
the highest ion rejecting membrane from this study for NaCl was GO 0.1 mg/mL, as is shown 
below in Figure 59. While it falls short of most of the others in terms of ion rejection, it does 
show relatively high water flux. While there appear to be three membranes with highly desirable 
ion rejection properties, the Grossman (2012) study was a simulation while the Yin (2016) 
membranes were subjected to 300 psi of applied pressure while the Nair (2017) study used an 
induced pressure differential (forward osmosis setup) of ~1088 psi.  
 
 
Figure 59 – This study’s membrane performance (GO 0.1 mg/mL) vs. other membranes from the literature and one 
from industry (UTC-60) relative to NaCl ion rejection and water flux performance. 
 
Overall the reason for the lower performances seen in this study is thought to be due to 
a hydration effect on the intersheet GO nanoflakes which effectively make up the membrane. By 
swelling due to the presence of water, the intersheet distance grows passed the critical limit 
necessary to physically filtrate out species as small as ions. Effectively controlling this intersheet 
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distance during membrane creation as well as throughout the experiment is necessary for a 
successful membrane, as was effectively shown in a publication34 released only this year.  
In closing, restating this work’s hypothesis as its three main points sees it as such: 1) 
hGO membranes will have increased water flux over GO membranes; 2) hGO membranes will 
have decreased ion rejection relative to GO membranes; 3) Lignin membranes will show 
decreased ion rejection and water flux relative to GO membranes. The first point was observed 
to be in agreement; although the hGO membrane water fluxes weren’t all higher than the GO 
membrane water fluxes, 5 out of 9 still were and that’s additionally not considering the thicker 
hGO membranes. Point 2 was observed to be mostly in agreement; hGO showed worse 
performance in Phase I for ion rejection than GO, but a few hGO membranes showed superior 
ion rejection in Phase II. The third and final point was shown to be mostly in disagreement; 
lignin membranes were shown to have superior performance over most GO membranes, with 
the thickest GO membrane producing better results than lignin.  
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CHAPTER VII 
FUTURE RESEARCH 
Many possible avenues of exploration were illuminated during the course of this study. 
First and foremost are novel membrane architectures which could potentially aid the purification 
mechanism. Fixing a flaw in the membrane fabricaiton process by applying a second layer to 
the hGO membranes saw the bi-layer effect occur in those membranes, which had a positive 
albeit fleeting effect on ion rejection. Different materials made into membranes also saw 
promising results, with lignin pretreated with HCl prior to deposition showing better ion rejection 
performance relative to lignin which was not treated. This increase in performance for the acid-
treated lignin is thought to arise from the fact that as pH increases, lignin precipitates out of 
solution and could build up a lignin membrane easier, or at least contribute to a thicker 
membrane. The conformation of acid-treated lignin would also be different than non-treated 
lignin prior to deposition, increasing its steric presence in solution and potentially increasing the 
membrane’s ion rejection capability. 
Upon the desire for further and better characterization, inadvertent membrane hole 
formation might have taken place. To determine whether  it did or not, the ionization energies of 
the carbon lattice atoms that make up the GO and hGO structure as well as the oxide-rich 
functional groups on its surface coupled could be calculated and compared with the SEM input 
energy at the utilized 2.00 kV and 10 µA of probe current. While using the SEM, additional 
interesting patterns arose from the EDS spectra where the hGO membranes all hosted a 
heightened intensity over GO membranes. Not only that, but there was a definite increase in 
intensity post water purification test for all membrane thicknesses and types. Investigating the 
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cause of the intensity increase before and after the experiments could shed light on how the 
membrane purifies solution.  
Looking at GO and hGO organic molecule rejection, the UV-Vis absorbance spectra of 
urea for GO was double that of hGO. Even though both failed at rejecting the molecule outright, 
hGO saw an 84% rejection increase over GO membranes on average. Understanding how hGO 
membranes were able to reject organic molecules much better than GO yet were unable to 
reject ions could expose to some degree the way that the membrane swells as it hydrates, or to 
the extent it is hydrated to. 
Finally, the need to investigate the immobilization of the membrane intersheet distance 
is paramount to the success of the membrane’s ability to effectively purify water. The separation 
of gases is also an avenue of valid research thought it branches off from this work considerably.  
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